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INTRODUCTORY SUMMARY 
Electric vehicle propulsion systems are used in a 
limited number of applications. In milk floats and fork 
lift trucks, the weight of the batteries and the limits 
on range and speed are not serious disadvantages when off-
set by the advantages of ease of control, reliability, 
quietness, and cleanliness. 
At the opposite size extreme, the advantages of the 
electric railway locomotive in reliability, in full utili-
zation of traction power, and in efficiency offset the 
inconvenience of maintaining a sliding contact with the 
electric power grid. There are currently no intermediate 
size electric propulsion systems in widespread use, 
because of power supply limitations. The purpose of this 
thesis is.to develop an attractive application for an 
intermediate size electric propulsion system, and to study 
the critical power supply hindrances which remain. 
The internal combustion engine is almost universally 
used for intermediate size power applications, because, 
it has a relatively high power to weight ratio, and a high 
energy storage capability, (e.g. fuel tanks). The main 
disadvantages are control problems: limited speed ratios, 
and limited power access points. 
A complex gear changing mechanism is required to allow 
the engine speed to vary over a 4:1 range only, while the 
vehicle speed varies over a 30:1 range. A further complexity 
is added if more than one axle is to be driven by a purely 
mechanical transmission. 
RA 
In the control of output speed electric propulsion 
systems offer the greatest advantages. An infinite ratio 
of speeds is theoretically available, and multiple drives 
are achieved by putting drive motors on each wheel. Any 
electric propulsion application must rest heavily on these 
advantages. 
Ordinary truck and automobile drives are well served 
by petrol or diesel engines. There is little need for 
closer speed or torque control than the present power 
plants provide. 
However, in the off-highway vehicles, torque 
control on each wheel is of high importance. This class 
of vehicle utilizes high powers, frequently operating at 
the traction limit. The vehicle unit cost is high, and 
reliability and performance are more important than 
operating efficiency. Therefore, electric propulsion is 
particularly attractive. 
An electric propulsion system consists of a power 
supply, a power control unit, and a drive motor. 
A.. The availabi.e power supplies 
The energy sources listed earlier included storage 
batteries, and the central station generators. Neither of 
these is applicable to off-highway vehicles.. Fuel cells 
promise high efficiency, and easy energy storage., but the 
problems with materials hinder their present usage.. The 
turbo-generator, however., is an energy source which pro-
vides a compromise between the present excessive weight 
of batteries, and the complexity of mechanical transmissions. 
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As an integral 
gas turbine is attra 




turbo-alternator power source, the 
tive, and it is now in widespread use 
central- stations, as well as for 
due to its high efficiency and low 
of drive and low weight, it is pre- 
ferable that the generator be driven at a high speed, 
either directly by the turbine or with a small reduction 
ratio. The d.c. generator is ruled out for high speed 
operation, because of commutation limitations. Therefore, 
an alternator is the most likely power source. 
The power control unit would be a controlled recti-
fier for d.c. drive motors, a rectifier-inverter or a 
cycloconverter for a.c. drive motors. 
D.C. motors are limited by their commutation capa-
bility, and regular maintenance requirements. The a.c. 
induction motor has fewer maintenance requirements, but 
more complex control is needed In the off-highway pro-
pulsion application, there is a premium on reliability and 
lack of maintenance, which favours the use of induction 
motors. 
The induction motor's speed and torque are controlled 
by changes in the applied voltage, and frequency. Either 
a rectifier-inverter or a cycloconverter can provide these 
control changes. However, the cycloconverter has the 
promise of higher efficiency, and a wider output range, 
than the rectifier-inverter, and is preferable for this 
application. 
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B. Power control systems. 
A cycloconvetter is a multiphase input circuit which 
can connect any of the input phases to ahy of the output 
phases ih a cyclical manner. It is generally used to 
accept a high frequency wave, and by judicious switching 
procedures, synthesize an output wave of lower frequency. 
The conventional cycloconverter has several 
disadvantages, for vehicle propulsion applications. 
Relatively heavy chokes may be required to prevent short 
circuits between input phases, and to provide current 
smoothing. A second disadvantage is that the conventional 
cycloconverter reduces the circuit power factor. 
A modified cycloconverter is developed in this thesis 
to cope with these problems, by eliminating their cause. 
That is, chokes were eliminated, voltage variation was 
provided separately from the circuit, and zero angle firing 
was always used. 
Choices were eliminated by using the leakage reactance 
of the motor to transients. This step required a division - 
of the motor windings, So that no one coil is fed from the 
supply more than one-half of the time. This intermittent 
utilization of the copper presents an inherent source of 
inefficiency in the circuit developed.- 
ConventIonal inverters and cycloconverters achieve 
voltage variations by varying the conduction period of 
the driving potential. However, in a closed vehicle pro-
puli'on system,.such an approach is unnecessary. Voltage 
may be varied by-'altering the excitation of the turbo- 
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alternator. Since the voltage is varied externally, the 
thyristors may be connected up as half-wave rectifiers 
without voltage control. 
Results of system tests 
Tests were conducted on an induction motor on a 
dynamometer test rig,and no anomalies in performance were 
noted. The driving system used was a 200 to 1000 -Hz three-
phase motor-generator set with field resistance voltage 
control. The control circuitry effectively isolated the 
motor transients from the generator, such that the limits 
on motor operating frequency were removed. This proved 
to be one of the attributes of the control system developed. 
One serious weakness discovered in the control 
circuit used in the tests, was that it would not provide 
excitation for low power factor loads. However, pre-
dictable test results were obtained for high power factor 
conditions. A modification to the control circuit is 
suggested to eliminate this fault. 
It can be concluded,therefore, that a system for 
power control in an electric propulsion system has been 
developed, and its feasibility demonstrated. 
Layout of thesis 
A description of the propulsion requirements for 
off-highway vehicles is provided in Chapter One, and a 
eelection made of an electric propulsion system. It is 
concluded that the system should include a turbo-alternator, 
a cycloconverter, and one or more a,c. induction drive 
motors. 
In the second chapter, an historical background is 
provided on the cycloconverter, and some of its appli-
cations problems. From this background, a modified cyclo-
converter is developed for traction applications. 
The third chapter provides an analysis of the modified 
cycloconverter which has been developed, and describes an 
analogue model to simulate its operation with a test motor. 
The results of the simulation can be used to predict out-
put efficiency of various motor winding configurations. 
A specific motor test circuit is described in 
Chapter Four. The simulation model developed in the 
preceding chapter is used to predict the results from this 
test circuit, and its limitations. 
Chapter Five details the results of the tests, and 
compares them with the predictions made in the previous 
chapter. The concluding chapter (Six) summarizes the 




TRACTION POWER FOR OFF HIGHWAY VEHICLES 
1.1 Traction power requirements in off-highway vehicles 
1.1.1 Characteristics of off-highway vehicles: By definition, 
off-highway vehicles are those not designed for use on roads. 
They may be for agricultural, construction, and military 
purposes. 0) 
The agricultural group consists of the fa: rm tractor 
and many special purpose harvesters. These same tractors 
may be used in construction along with bulldozers, scrapers, 
and ore trucks. The military off-highway vehicles include 
tanks, missile launchers, personnel carriers, and large 
trucks. 
In general, these vehicles require high propulsion 
powers, often operating at their traction limit. They are 
built for special purposes and require to be rugged and 
reliable. In many cases the vehicle production volume is 
limited, and high unit costs prevail. 
In normal operation, the vehicle drives must furnish 
constant power over at least a 6:1 speed range, e.g. 10:60 
k./h. (2) 
1.1.2 Required propulsion power: This class of vehicle 
is generally required to be of a heavy construction to 
perform its work function, and the tendency is toward 
larger, heavier, and more powerful vehicles. The dominant 
power plant is the large diesel engine, which weighs about 
4kg/kW, and occupies 0.006 m3/kW. 
E1 
The current design limit on vehicle size is set by 
the available diesel power plants from 100 to 1000 W. 	(I 
Above this power, the volume and weight of the engine 
penalize vehicle performance. 
The very large vehicles require tractive effort 
from several widely displaced wheels. Mechanical trans-
mission of power to many wheels is awkward, inefficient, 
and difficult to control. 	Some vehicles have reduced 
this problem by using drive engines both fore and aft, but 
further increases in the number of engines used are unlikely. 
A reasonable design target for the current market 
would be a 1000 kW power source, suitable for continuous 
generation. This power should be transmitted in a 
controlled manner to a number of wheels, to produce maximum 
tractive effort and smooth torque control. 
1.2 Vehicle power sources 
1.2.1 Internal combustion engines: Power is required in 
a number of forms on a vehicle. In addition to propulsion 
power, there is power for heating or cooling, lighting, 
accessories, and for instrumentation and control. For the 
purposes of this analysis, however, only propulsion 
requirements are discussed. 
Comparisons of power plants cannot be exact since 
noise, noxious fume emission, and similar characteristics 
( 
should be included along with fuel consumption and weight. 
4) 
 
Only typical specific weights are discussed below, with 
some comment on fuel consumption. 
Ee 
Internal combustion engines for continuous duty, 
with outputs up to 100 kW, are usually petrol fuelled 
with spark ignition. Compression ignition of heavier 
oil (diesel type) is used on most large engines. 
The control characteristics of a typical internal 
combustion engine are given in Figure 1.1. The maximum 
torque available from the engine is relatively constant, 
down to 307o of its rated speed. The torque is controlled 
over this range by the throttle, and therefore, with a 
few gear changes, the engine provides power to one drive 
shaft in a controlled manner. Difficulties arise when 
power to each of several wheels must be controlled 
independently. 
1.2.2 Gas Turbines: The gas turbine has been highly 
developed for aircraft use, since it weighs as little as 
0.3 kg/kW. In a turbo-propeller airplane, the associated 
gears and propeller may weigh as much as the engine, but 
in total, the power plant weighs less than 1.0kg/kW in 
the range of 1:10 MW output. 
(5) 
Industrial gas turbines in the 100 kW range, may 
also achieve the 1 kg/kW specific weight (including gear 
box). However, in smaller turbines, the efficiency drops 
markedly, while the weight remains constant, (6) 
Figure 1.2 illustrates the torque speed characteristics 
of a typical single-shaft gas turbine. The, optimum specific 
fuel consumption is 507o greater than an internal com-
bustion engine, and the increase in consumption with 
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Figure 1.2 	Torque-speed characteristics of 
typical single-shaft gas turbine, 
after Kusko1) 
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falls sharply with decreasing speed, the gas turbine is 
essentially a constant speed power plant. 
The power from this constant speed shaft must be 
passed through a smoothly variable transmission, to be 
useful for mechanical wheel drives. Therefore, the gas 
turbine is a less attractive mode of mechanical pro-
pulsion than the petrol engine. It is only with an 
electric transmission system, and its infinite speed 
variation, that a gas turbine power plant becomes 
attractive. 
Figure 1.3 illustrates the rotational speed of 
typical gas turbines. 	Each circle represents an 
operational gas turbine at its rated load and speed. 
The rotational speed is limited by stress, temperature, 
and size. Higher power engines, with higher mass through-
put, must have larger diameters, and lower speed5. A typical 
1000 kW power plant is designed to operate at 10,000 to 
15,000 rev/mm. 
1.2.3 Electric power sources in current use: The small 
pedestrian-controlled electric float, requires a 1 kWd.c. 
motor to move at a walking pace. The capital and energy 
costs, using storage batteries are competitive with a 
similar petrol powered vehicle. The slightly larger power 
plants, used in milk floats, are also competitive for 
( 
limited range, low speed, deliveries.' 
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Experimental battery power vehicles, with performance 
similar to petrol driven automobiles, are under test by 
General Motors and others. The G.M. "Electrovair" was 
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powered by an 86 kW motor and had a 100 kin range. The 
battery output was inverted and fed to induction type drive 
motors. 
(ii 12) 
Brown-Boveri have developed a diesel-electric drive, 
for an earth moving vehicle, with an output from the d.c. 
drive motors of 400 W. 	 An 800 kW gas turbine driven 
generator provides the d.c. drive power for an ore truck, 
built by Lectra_Haul.(1)  In higher power ranges, engine 
driven electric generators provide propulsion powers of 
several MW for locomotives, and several tens of MW for 
marine propulsion. 
No commercial vehicles are yet powered by fuel cells, 
since their current size, weight, fuel., ahd capital cost 
1314 
are excessive. ( , )  
The specific weights of the electric propulsion 
systems vary markedly with vehicle size. A typical 1 kW 
pedestrian controlled float with a 20 kin range requires 
a 100 A-h, 24 V battery and a motor which together weigh 
over 30 kg/kW. The "Electrovair" mentioned earlier had 
a silver-zinc battery weighing 270 kg and an 86 kW motor 
weighing 59 kg. The additional control circuit brought 
the specific weight up to about 4 kg/kW. 
Automobile components are not rated for continuous 
duty at maximum power. Commercial vehicles on continuous 
duty require heavier power plants. Lear-Siegler has 
developed an electric drive military truck with a petrol 
engine driven alternator as the power source. 2) 	This 
truck has six driving motors in the wheels, each rated 
at 150 kW and weighing 75 kg. The petrol engine weighs 
14 
400 kg, the 108 kVA alternator weighs 184 kg and the 
control system, 45 kg. Therefore, the specific weight 
of this system, less fuel, is 11 kg/kW. 
Aircraft-type alternators are optimized to give low 
specific weight; Figure 1.4 illustrates the decrease in 
specific weight of this type of alternator, for various 
sizes. 
(15) 
 For example, the specific weight of a 1000 kW 
unit is 0.4 kg/kW. 
1.2.4 Rotating electric generators: Many types of generator 
are not suitable for this application requiring variable 
voltage, high speed operation in harsh environments. The 
d.c. generator is not attractive because of its commutation 
limitations, and its relatively complex construction. 
Induction generators require a high reactive excitation; 
homopolar generators have high reactance, and require 
brush contacts. Permanent magnet type generators have a 
limited output potential, and their output voltage cannot 
be controlled. Salient pole generators have a limited 
rotation speed, due to stress and windage. (16) 
The most common type of generator, for this service, 
is the d.c. excited, rotating field alternator. The 
alternator's output frequency is set by the number of the 
poles and speed. Figure 1.5 illustrates the effect of 
number of poles on the generator weight. Four to eight 
poles offer minimum weight. 
(17) 
The same type of variation in specific weight occurs 
with the number of alternator phases, with a minimum 
occurring for 3-ph operation. Multi-phase outputs are 
preferable, because the power output of a single-phase 
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Figure 1.4 Specific weight-vs-output power of 
400-Hz aircraft-type alternators, 
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Figure 1.5 	Relative weight of alternators as a 
function of the number of poles, 
after Turkington 1 7) 
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Operating voltages in the range of 50-600 V r.m.s. 
do not significantly affect the specific weight of an 
alternator for a given generating speed. In this voltage 
range, the insulation size is set by mechanical strength 
limits, and tolerances on film thickness rather than by 
electrical stress. 
(i 9-2 1) 
For the highest speeds and harshest environments, a 
Lundell type alternator is recommended. However, for 15,000 
rev/min alternators, the normal wound-pole generator with 
rotating rectifier is recommended. 
(16) 
1.2.5 Recommended turbo-alternator: For the 1000 kW design 
target chosen earlier, a 10,000 to 15,000 rev/min gas turbine 
was typical. For this speed range, a choice of a four or an 
eight pole generator would give a generating frequency between 
333 and 1000 Hz. This speed and frequency is within the 
design stresses of wound pole alternators, as illustrated in 
Figure 1.3. (22)  
At 1000 kW and 10,000 rev/mm, the turbine and 
alternator would have a specific weight of 0.3 kg/kW, and 
0.4 kg/kW respectively. Over the range of 100 to 10,000 kW, 
the total power plant weight would not exceed 1 kg/kW. The 
generator choice assumes multi-phase generation at voltages 
below 600 V r.m.s. 
1.3 Electric drive motors and control methods 
1.3.1 Direct current motors: Traction motors have been mainly 
d.c. type because they can be easily controlled with resistors 
in the field or armature circuits, or by externally changing 
the voltage applied to the armature circuit. This ease of 
control of both torque and speed has triumphed over the cost 
handicap of the d.c. motor. 
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Figure 1.6 illustrates the price of the d.c. motor 
relative to its a.c. competitors.(23) 	The d.c. motor 
is dearer than the wound rotor a.c. motor because the 
armature coils must be connected via the commutator and 
brushes to the supply. ( 24 ) The commutating velocity and 
current density are limited, and the d.c. motor is, 
therefore, heavier and more complex than the a.c. If 
external sparking is to be avoided, the motor requires a 
further weight increase, to permit total enclosure. In 
addition, the commutation involves brush wear, such that 
regular maintenance is required. This brush wear 
increases sharply in dusty or corrosive operating 
conditions. 
1.3.2 Alternating current motors: 
1.3.2.1 Synchronous motors: This type of motor is slightly 
cheaper than d.c. motors. With separate rotor excitation, 
the air gap can be made large; such constructional lee- 
way permits more tolerance on the rotor loading and 
vibration. This motor's ability to operate at unity power 
factor also permits maximum utilization of the generator 
capability. A special flat form of this motor, with 
permanent magnet rotor, is being investigated at M.I.T., 
for high speed ground propulsion. (25) Since this motor 
produces torque at only synchronous speed, its use in 
propulsion applications depends on a sophisticated 
velocity sensing and frequency control system, which will 
continuously adjust the motor input to the required out-
put conditions. 
a.c. wound roto 














Figure 1.6. 	Comparison of motor prices by type, 
(23) after Rapin. 
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1.3.2.2 Wound rotor induction motors: Induction motors 
require a large proportion of reactive energy for their 
operation. However, their simplicity of operation is a 
counter-attraction. 
The normal wound rotor induction motor, with rotor 
slip energy recovery, was suggested by Kusko(1)  for 
vehicle propulsion. In such a system the slip power is 
rectified, inverted, and returned to the supply at line 
frequency. 26) 
The use of such control systems has been made 
possible by cheap, reliable, and fast-acting solid state 
diodos. and thyristors. With these devices, the cheaper 
a.c. motors can duplicate the desirable control 
characteristics of the dc. machine. ( 27 ) 
1,3.2.3 Cage-rotor induction motors: The cheapest, 
simplest, and most reliable propulsion motor is the cage 
type rotor induction motor. It can be operated at high 
frequency (and speeds) to permit low specific weight. If 
supply frequency is closely controlled, the motor can 
always operate at its most efficient low slip condition. 
The 150 kW truck drive motors mentioned earlier were 
of this type .(28) These were 240 V r.m.s., 0 to 533 Hz, 
16,000 rev/mm, 4-pole, 3-ph motors. 
The 86 kW motor, used in the "Electrovair", was 
designed for a maximum of 13,000 rev/min at 160 V r.m.s., 
and 1995 Hz. This motor had a specific weight of 0.7 kg,/kW 
at maximum rated output. At this power density, forced 
oil cooling is required in the motor frame, 
20 
Three-phase motors were chosen as optimum for 
winding configuration and size. Voltages below 600 Vpk 
were chosen to minimize thyristor ratings. However, 
thyristors are becoming cheaper in the ranges up to 
600 V r.m.s. This is the insulation strength of the 
normal varnish insulated magnet wire. 
Since most drive developments with a.c. motors are 
using the cage type rotor, and since this motor offers 
the greatest operating potential, it is chosen as an 
example for this thesis project. Its speed is to be 
set by the control frequency, and its torque will be a 
function of the speed and the applied voltage. 
1.3.3 Accelerating and decelerating induction motors: 
The motor acceleration is limited by the generator capa-
bility, the inertia of the rotor and gear train, and by 
the propulsion load provided by the vehicle. The gear 
train ratio, and hence, the motor design speed, are 
limited by their effect on the total system inertia. The 
truck drive motor, mentioned previously, operated at a 
maximum of 16,000 rev/min through a 40:1 gearbox. The 
automobile motor ran up to 13,000 rev/min through a 11:1 
gearbox. Gearboxes in this range exhibit a 1 to 2% ios4.29_31) 
The deceleration of the motor will depend on the 
total system inertia, and the external braking effort 
applied. Electrical braking is not contemplated. 
Regeneration is not feasible, since the power plant 
cannot absorb and store any significant braking energy. 
Dynamic braking could be provided, but the external 
21 
resistors, to dissipate the energy, would be cumbersome. 
A form of rheostatic braking could be used in emergencies. 
If the field flux of the motor is held stationary by the 
control circuit, the magnitude of the braking action 
would vary with the applied voltage and speed. The energy 
would be dissipated by eddy currents in the rotor. Therefore, 
the braking effort available is limited by the heat 
dissipating ability of the cage rotor. 
1.4 Converters linking power supply and drive motors 
1.4.1 Rectifier-inverters: A converter is needed to accept 
the high frequency output of the alternator and convert 
it into a lower, variable-frequency input to the motor. 
The voltage and frequency into the induction 
propulsion motor should be proportional to the speed of 
operation desired (allowing for the required acceleration 
or deceleration) . (
32) 
Two approaches are currently used: 
rectification-inversion and cycloconversion. 
The inverter, in the form of an oscillator, working 
from a d.c. supply, is the most common source of variable 
frequency power. 	The Brush Electrical Engineering 
Company built a research locomotive which used a d.c. 
link inverter to supply a.c. drive 34,35  ) The 
power inverter normally uses thyristors which are turned 
on by a gate signal, and turned off by reversing the 
current passing through them. The most common method of 
current reversal is to store energy in a capacitor or 
inductor, and feed an impulse backwards through the 
thyristor whenever cut-off or "commutation" is desired. 
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This storage and return of reactive energy increases the 
number of components in the system, and the system losses.( 36)  
The reactive storage mechanism is also sensitive to 
operating frequency and power factor. This sensitivity 
may restrict the operating range of the inverter. Because 
of the disadvantages in impulse commutation in the inverter, 
the cycloconverter is proposed as an alternative. 
1.4.2 Cycloconverter: The classical cycloconverter is an 
array of thyristors which connects one alternator phase to 
one motor terminal for a specified period of time, less 
than one alternator cycle. 
During the transfer of energy, only one device is 
required in each circuit, and no reactive energy storage 
is required. The alternator phase voltages are used to 
provide the commutating potential for the circuit. 
The requirement for self-commutation limits the 
controllable frequency output to about one-third of the 
input frequency. Form factors and frequency control 
deteriorate for higher output frequencies. (37) With 
reactive energy storage and external commutation, the cyclo-. 
converter circuit output can exceed the input frequency.(3839) 
A cycloconverter was used in the military truck 
drive.00and 	
(ii) 
an inverter was used in the "Electrovair". 
1.4.3 Comparison of converters: 
1.4.3.1 The specific goals of conversion: 
(a) Controllable torque to traction limit produced 
from standstill to a low speed, 
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(b) efficient utilization of full prime-mover 
output from a low speed to the top drive 
speed, 
(C) smooth changes of speed throughout the entire 
range, 
uniform load on alternator-prime mover through 
the entire range, 
minimum weight of control and converter 
components, 
(1) few, easily maintained converter parts, 
simple controls, and 
foolproof, reliable operation. 
1.4.3.2 Comparison of inverter and cycloconverter: 
The torque produced in an induction motor varies 
with the frequency and magnitude of the exciting voltage. 
Both inverter and cycloconverter can provide controlled 
frequency and voltage over the full speed range. 
The d.c. link inverter is less efficient than 
the cycloconverter on full power, because it performs two 
series operations with power loss in both (rectification 
and inversion). It also requires commutating energy to 
switch the thyristors off, whereas the cycloconverter 
commutates itself. 
(C) The cycloconverter can provide for a smooth 
change of speed (frequency) from standstill to about one 
third of the alternator frequency. The inverter can be 
operated at any frequency, provided the load is within its 
commutating ability. 
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Both the rectifier-inverter and the cyclo-
converter make intermittent connection with the alternator 
phases. The rectifier load tends to be more uniform over 
several cycles of the alternator voltage. 
The inverter tends to be heavier, due to the 
capacitors and inductors required in the commutating 
circuit. The classical cycloconverter contains current 
limiting inductors, but not capacitors. 
Bradley 
(34)
examined inverters and chose a 
d.c. link inverter, with single a.c. side Commutation, as 
most suitable for locomotive drive applications. This 
circuit required eight thyristors and six diodes in the 
inverter, and six diodes (or thyristors) in the rectifier. 
The classical cycloconverter requires a minimum of 18 
thyristors for 3-ph to 3-ph operation. 
The control circuit for the classical cyclo-
converter is complex, since it must choose both an 
alternator phase and a firing angle every half cycle of 
the alternator voltage. The inverter merely changes its 
firing uniformly to alter frequency. 
The inverter is reliable on a stable passive 
load. However, if the load is abruptly increased or 
changes power factor sharply, the inverter may refuse to 
commutate, thereby supplying d.c. to the motor windings. 
This produces abrupt braking action. The power supply must 
then be disconnected, and the commutating circuit started 
again with reduced inverter load. This process may require 
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several seconds, whereas the cycloconverter clears its 
own faults within milliseconds, while supplying power 
to the motor field 
.40 
1.4.4 Choice of converter: Both converters adequately 
meet many of the operating goals. In others, the 
differences are marginal. The cycloconverter is more 
efficient and lighter; the inverter has simpler control 
and requires fewer thyristors. 
The main difference is in reliability under adverse 
load conditions. The cycloconverter is superior in allowing 
quick fault removal and continuous control. In vehicles 
operating at peak performance over precipitous terrain, 
this type of reliability is most important. 
Since the cycloconverter circuit is inherently more 
reliable, and potentially more efficient, than the inverter, 
the cycloconverter is preferable for the off-highway 
vhic1e application. Further work remains to choose the 
form of cycloconverter which is most suitable. 
1.5 Conclusions 
Electric drives have attractive potential in off-
highway vehicles. The alternative components for such an 
application have been examined, and a typical system has 
been chosen. 
The prime mover is a gas-turbine, which directly 
drives a wound rotor alternator, rated at 1000 kW. The 
maximum operating speed of the turbo-alternator is 15,000 
rev/min with an output frequency of 1000 Hz, a voltage 
varying from 50 to 600 V r.m.s., and a multi-phase output. 
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The alternator output voltage is varied in pro-
portion to the desired Vehicle speed, and is further varied 
in frequency by a cycloconverter which provides power to 
the drive motors. The motors are high speed induction 
motors, with reduction gearing to the wheels. 
For this system, proposed to meet the need for 
off-highway vehicle power, the turbine and generators are 
currently available. The conv2rter and the motors, however, 
are not in commercial propulsion use. 
Since the motors must be specifically tailored 41) 
to one vehicle, it is felt that the converter design is 
the part of the system needing development, and the most 
likely to have a general application. The development of 
a suitable cycloconverter for this application was, 
therefore, chosen as the project for this thesis. 
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CHAPTER TWO 
DEVELOPMENT OF A MODIFIED CYCLOCONVERTER CIRCUIT 
FOR TRACTION USE 
2.1 The need for frequency changers 
Adjustable-frequency sources are required to 
efficiently vary the speed of an induction motor. However, 
the original requirement for frequency changers arose for 
operating between the multiplicity of generating frequencies 
used in the 1920's: 15, 16., 25, 33, 50 and 60 Hz. (4 2) 
Whenever power was to be transferred from one system to 
another, there was need for a frequency changer. The major 
need for frequency changing was occasioned by electric 
rai1ways.( 	Single-phase, 16-Hz, 10-kV or 15-kV systems 
were used for the bulk of the electrification, so a 3:1 
frequency changer was needed to connect the railways to 
the 50-Hz system. This need provided the impetus to 
static-frequency changer development. (44) 
The essential component, for any frequency changing 
system, was a controlled switch with rectifying properties. 
The mercury-arc rectifier was the first efficient device 
which could switch high currents. Therefore, the early 
development of frequency changers was closely tied to the 
evolution of the mercury-arc valve. (45) 
The first frequency changer configurations employed 
a polyphase rectifier with a d.c. link inverter.( 46 This 
unit could supply only unity power-factor loads, since tle 
rectifier could not accept reverse conduction ( i.e. reactive 
The substance Df this chapter was made the content of a 
paper presented on 7 May, 1969, to the IRE Conference on 
Power Thyristors and Their Applications (London). The 
paper is included as Appendix G to this thesis. 
energy could not be returned to the source). So a 
synchronous capacitor was required on the inverter output 
to supply reactive current to the load. 
The recti:ier-inverter system had another dis-
advantage, in that two power conversions were required to 
change the system frequency: alternating to direct current, 
then direct to alternating current at another frequency. 
In 1923, Hazeltine described a system which changed frequency 
directly. 	By picking portions of a high frequency wave, 
a low fquency wave was synthesized. 
This description formed the basis for power cyclo-
conversion: "The building up of an alternating voltage of 
lower frequency from successive voltages of a higher-
frequency polyphase a.c. system. 
1(42) 
2.2,1 Development of the envelope cycloconverter: The 
simplest way of visualising a cycloconverter is, as two 
rectifiers connected anti-parallel. This arrangement 
produces a square wave envelope of alternating polarity 
Figure 2,1 is taken from Ris sik( 42 ) to describe the operation 
of the envelope cycloconverter. 
The 3-ph, 50-Hz supply is connected to the primary, 
P of a split secondary transformer. The 12 secondary windings, 
S, are connected to provide 6-ph excitation for the positive 
rectifier R, and, similarly, for the negative polarity 
rectifier, R N 
Whenever a positive output voltage is required (e+), 
a signal is placed on the positive rectifier group grids, 
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Figure 2.1 The fundamental envelope cycloconverter 
circuit and output voltage waveform, 
after R1ss1k, 
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Figure 2.2 The synchronous envelope cycloconverter 
output voltage wavefbrm, after Laub. (52) 
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The individual anode is extinguished by the next anode 
achieving a higher voltage, which is the process of 
natural commutation. 
The voltage wave is illustrated with idealized 
commutation. During commutation there is actually a 
period called the 'overlap period' when two anodes both 
carry current, and the output voltage is approximately 
the average of the two phase voltages. The length of the 
overlap increases with load current and is caused by 
leakage inductances. 
2.2.2 Control requirements of the envelope cycloconverter: 
The envelope cycloconverter is controlled by a low 
frequency square wave generator, connected to the grids 
of each rectifier valve to prevent conduction in one group 
of valves when the opposite polarity output wave is 
required. 
The commutation from one anode to the next is 
natural, until the grid supply is removed. On unity power 
factor loads, the current follows the voltage envelope to 
zero. The opposite rectifier group then conducts. On 
capacitive load, the current zero is prior to polarity 
reversal. Capacitive load is accepted with current wave-
form deterioration. 
The usual lagging power factor loads are acceptable 
over a limited range. The last anode to conduct in a 
particular half-cycle, has to extinguish within rr/3 radians 
of the low frequency envelope wave, i.e. the power factor 
of the load has to be greater than 0.5. A proportionately 
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higher power factor is required for envelope cycloconverters 
operating at higher frequency ratios than the 3:1 ratio 
illustrated. 
The power factor limitation arises, because the last 
positive envelope anode must have ceased conducting between 
IT and 21T radians of the high frequency wave, i.e. while 
it was negatively biased. If it conducts beyond this point, 
the anode would again go positive with respect to the 
cathode and the circuit would fail to commut at e ,( 48 ) 
2.2.3 Other types of envelope cycloconverters: The 
commutation problem is exacerbated when a square wave 
voltage envelope is produced. Several systems were 
devised to reduce the third harmonic content of this 
voltage wave. 
The synchronous envelope cycloconverter was developed 
by Lôbl () to provide fixed frequency ratios. The secondary 
windings of the transformer are not equal. Rather, ratios 
were chosen to provide a more smoothly rising and falling 
voltage envelope, when taken in sequence. The operation 
is illustrated by Figure 2.2. The output of this cyclo-
converter system was transformer-coupled to the low 
frequency load. 
An asynchronous system was developed which directly 
eliminated the third harmonic. (42,) In the KrThner system, 
there is an induction regulator fed from the generator, 
with its secondary forming a negative third harmonic source, 
placed in the low frequency side of an ordinary envelope 
cycloconverter. This regulator's secondary contributes 
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one-third of the fundamental voltage and carries the full 
output current. Figure 2.3 illustrates this system. 
Reinhardt (50)  describes another method of inserting the 
third harmonic. A third variation of the envelope cyclo-
converter was described by Ehrensperger (51)' . A smoothing 
circuit is used with the output transformer, to improve 
wave form and provide uniform loading on the three phase 
supply. This circuit is illustrated in Figure 2.4. 
Further circuits are described by Laub. 
(52) 
 
2.3.1 Development of grid-controlled cycloconverter: 
The envelope cycloconverter is limited in its power factor 
operating range, and it requires special wave shaping 
equipment to eliminate its third harmonic content. With 
a single phase output, one mains' phase is preferentially 
loaded. In addition, it cannot regenerate. 
The grid-controlled cycloconverter was developed 
to overcome these limitations. Its circuit is similar to 
the envelope cycloconverter, but the grids are given an 
additional function. Not only do they hold off the un-
desirable polarities, they chose only desirable portions 
of the correct polarity wave, as each grid is controlled 
independently. 
The voltage output wave of a grid-controlled cyclo-
converter is illustrated in Figure 2.5. 
The rising and falling portions of the positive 
output wave utilize the later fractions of the input wave. 
More of the wave is used to give peak amplitude. A grid 


















Figure 2.3 Asynchronous envelope cycloconverter circuit 
and output voltage waveform, after Ri ss ik . ( 42 ) 







Figure 2.4 Smoothed envelope cycloconverter, after 
Ehrensperger. 
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Figure 2.5 Output voltage waveform from F-group 
rectifiers of grid-controlled cycioconverter. 
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Figure 2.6 	Grid-controlled cycloconverter circuit, 
(42) after Rissik. 
35 
valve, produces a voltage wave form which is fundamentally 
sinusoidal . 
Since each grid can be controlled independently, 
each valve can be fired whenever its anode is positive with 
respect to its cathode. Regeneration is possible, as is 
operation at any power factor. 
The period between the natural commutation point, 
and the point when the current is fully commutated to the 
next anode, is made up of two portions, the firing delay 
angle, and the overlap angle. The firing delay angle is 
cosine modulated. 
2.3.2 Control requirements of the grid-controlled cyclo-
converter: A grid-controlled cycloconverter operating on 
a fixed frequency, single-phase load, is illustrated by 
reference to Figure 2.6e 
The combination of excitation and bias transformers 
is required to control the cycloconverter. The grid 
signals are the sum of the voltages in the low-frequency 
bias transformer, and in the high-frequency excitation 
transformers. The bias transformer provides the required 
cosinusoidal modulation, and has to have an auxiliary . 
16 -Hz source for start up. The grid firing angle control 
is the new factor in this circuit. 
During cycloconversion, the group of valves which 
can supply positive load current, and the group of valves 
which can supply negative load current, both generate 
voltage envelopes with the same general 16-Hz sinusoidal 
waveform. 
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Although these wave forms are "generally" equal, there 
are instantaneous differences, which lead to "pseudo-
instantaneous" voltage differences at the load terminal. 
The amplitude of these differences varies with the grid-
control function, and the circuit operation. During the 
1930's, the availability of the thyratron permitted closer 
control of the firing circuit. 53) 
The control of a variable-frequency, variable power 
factor,- 3-ph load is considerably more complex and was 
rarely attemptedS 	Such control could have been 
developed with an electronic computing circuit, but no 
compelling need existed for such a versatile cyclo-
converter in the 1940's. By that time, the railway usage 
of cycloconverters had declined, and there were no other 
major requirements for frequency changers. 
2.3.3 Problems with grid-controlled cycloconverters: 
As the electric railways shifted to d.c. drives, the value 
of the cycloconverter was questioned. It was essentially 
limited to frequency reductions in ratios greater than 
3:1. Since the frequency of power systems has been 
finalised at 50 or 60-Hz, the mains cycloconverter was 
limited to 20-Hz outputs, or less. 
The occasional low speed drive was required, but 
d.c. motors were available with greater reliability and 
less cost, and gearboxes with low transmission loss were 
available. 
The following list summarizes the difficulties with 
the grid-controlled, single-phase cycloconverter. 
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Complex control circuitry is required when 
variations in power factor or frequency are 
required. 
The cycloconverter inherently represents a 
low power factor, unbalanced load, to the high 
frequency system, because of firing angle 
delays. 
Turn-on losses occur at each of the many 
commutations required during an output cycle, 
and further losses occur, because there are 
instantaneous voltage differences between the 
P and N group rectifiers, and hence circulating 
currents between these groups. 
The mercury-arc rectifiers and thyratron valves 
were large, expensive, and delicate. 
Many of the difficulties of the cycloconverter 
stemmed from the rectifier valves, as these required 
relatively high grid powers and had considerable losses. 
These losses generated high temperatures and made them 
sensitive to vibration and shock, and increased their 
maintenance costs. The valves were also sensitive to 
orientation as well as movement, precluding reliable use 
on moving systems. Finally, the volume of the valves made 
any cycloconversion system large. 
2.3.4 Introduction of the thyristor to the classical cyclo-
converter: The silicon controlled rectifier type of 
thyristor eliminated most of the problems due to the 
mercury-arc 7alves. The thyristor is small, insensitive 
grz 
to position or movement, and has low gate power requirements, 
and low internal losses. However, it is more sensitive to 
voltage transients than mercury-arc valves. 
Figure 2.7 illustrates a classical 3-ph to 3-ph 
cycloconverter using thyristors. A new element has been 
introduced in this configuration - the intergroup reactor. 
This is necessary to limit the circulating currents 
between the P and N groups of thyristors. Appendix A 
describes the origin and magnitude of this circulating 
current. 
2.3.5 Later classical cycloconverter circuit developments: 
In the 1950's, manufacturing systems increasingly required 
variable speed drives. The d.c. motors and Ward-Leonard 
systems used for these drives were heavy and expensive, 
and required regular maintenance. Cycloconverters were 
again considered to provide variable speed (frequency) 
control to the cheap and reliable induction motor. 
Figure 2.8 illustrates an induction motor drive 
using the classical cycloconverter or Graetz-connection 
configuration. 	The control voltage was converted to 
a three phase signal, and each phase signal was modulated 
by the synchronizing transformer to produce a firing control 
signal. An isolating 6-ph power transformer was used, and 
the 3-ph to 3-ph system required 36 thyristors. Voltages 
proportional to frequency were produced, by varying the 
minimum firing angle with the desired output frequency. 
Intergroup reactors and interphase transformers were used 










Figure 2.7 	Basic circuit of classical cycloconverter, 
using thyristors. 
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Figure 2.8 	Motor control circuit using classical 
158 
cycloconverter, copied from Bowlers 
be,bos 
of fteqa.ncy F, 
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This circuit was obviously complex, both in the 
control and in the power handling side. The current 
limiting reactors were heavy, created losses, and reduced 
the load circuit power factor. Despite their presence, 
it is difficult to maintain smooth current control at low 
power factor, lower amplitude loads. The converter tends 




This is due to the inability to control the firing angle 
closely enough, to provide minute, continuous currents. 
These problems led to the development of the 
practical cycloconverter. 
2.4.1 The need for the practical cycloconverter: The 
development of the jet aircraft in the 1950's provided a 
new need for power frequency conversion. The jet-engine-
driven auxiliary alternators produced a high, varying-
frequency output. A circuit was needed to convert this 
high frequency to the 400-Hz, constant voltage supply, 
common for aircraft equipment. The need for this variable 
speed, constant frequency (VSCF) system was described by 
Chirgwin and Stratton. 
(61) 
Jessee and Spaven ( 62 ) outlined the requirements for 
a VSCF system for operation at all power factors. These 
circuits were limited by the low power output thyristors 
available in the 1950's. 
(63) 
 
The components of the cycloconverter were re-examined, 
to minimize airbo.rne weight. The heavy reactors were 
eliminated, by Lawson (64), in the "practical" cycloconverter. 
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Intergroup blanking is used, i.e. firing signals are supplied 
to only one current carrying group of thyristors, at any 
one time. This positively prevents intergroup currents, 
and the resulting circuit is illustrated in Figure 2.9. 
This high efficiency circuit has no internal reactance. 
For simplicity, a single-phase output is shown; a 3-ph 
system requires three such units. 
2.4.2 Control requirements of the practical cycloconverter: 
The requirements of the firing circuit, for the practical 
) 
cycloconverter, were examined by Bland. 
(37 	The system 
logic must meet four criteria: 
It prevents short circuits or circulating 
current. 
It permits commutation from one generator 
phase to the next. 
It provides for transition from the positive 
to the negative group of thyristors when 
required. 
It allows for the operating times of the 
thyristors during turn-on and turn-off. 
These provisions merely state the normal cyclo-
converter operating conditions. The main stricture is the 
prevention of short circuits; it has two aspects - firing 
control and current sensing. No group should receive 
firing signals when the opposite-polarity group is carrying 
current. To determine this, the current has to be sensed 
in the circuit. Special provision is required in the 










Figure 2.9 	The practical cycloconverter circuit, 
after Lawsonc64) 
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Commutation is permitted within a group whenever 
any thyristor in that group is already conducting. No 
potential short circuits are present; commutation ability 
depends on switching to a greater anode voltage. The short-
circuit hazard occurs when it is desired to switch from 
positive, to negative, group firing. In this operation, 
the current ceases in one group; the thyristors are 
allowed to recover their blocking capability (a delay of 
10 to 100is ), and then a firing signal is supplied to the 
new group. 
The delay in the thyristor, in regaining its forward 
blocking ability, is required to permit recombination of 
the charge carriers, within the base region. The time 
required is a function of the device construction, and 
the current it has been carrying. (5) 
2.4.3 Problems with practical cycloconverters: Several 
problems remain to be solved in cycloconverter circuits. 
The practical circuit successfully eliminates the inter-
group reactors, and reduces the weight of a cycloconverter, 
and provides satisfactory frequency control for induction 
motor s(.66)iiowever,  a more complex control circuit and more 
power thyristors are required. 
The current control circuit produces periods of no 
conduction, when low voltages are required at low output 
frequency. 
Amato ( 67 ) showed that the practical cycloconverter 
circuit output is non-symmetrical, due to variations in 
leading, and trailing, edge wave shapes. However, this 
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small effect is correctable, with filters for the VSCF 
applications, and is insignificant in traction applications. 
Finally, the practical cycloconverter suffers from 
the basic cycloconverter characteristic of reduced power 
factor. 
The maximum output voltage, of a phase-controlled 
3-ph rectifier, is shown in Appendix A to be 82.7% of the 
input voltage. It is also shown that the effective power 
factor of a cycloconverter supplying a sinusoidal voltage, 
and current waveform, to a resistive load is 0.843. The 
firing angle delay required to produce the sinusoidal 
waveform is also responsible for slightly increased 
turn-on losses in the thyristors.(68) 
2.5 The modified cycloconverter 
The objective, in further modifying the existing 
cycloconverters,iS to reduce their size and complexity of 
operation, while providing a continuous controlled 
frequency output, satisfactory for induction motor 
operation. In meeting this objective it is desirable 
to avoid the power factor limitations, and commutation 
requirements, of the present cycloconverters. 
2.5.1 Circuit of the modified cycloconverter: The 
proposed method of preventing circulating currents is to 
eliminate direct connections between alternator phases. 
The motor is connected in a 6-ph star with each winding 
controlled by a back-to-back thyristor pair. A similar 
3-ph connection is described by Shepherd, 	and a 
1-ph by Novotny and Fath.° 
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Voltage control is provided by the alternator field, 
as suggested by Slabiak (28)with the entire voltage wave 
applied to the load. The motor connection is explained 
in the following paragraphs. 
The three centre-tapped windings of the motor are 
illustrated in Figure 2.10 as RA _RA, YAA' and BA -BA. 
Current flowing through RA  produces the same flux as an 
oppositely directed current in RA.  Here the array is 
shown initially fed by one phase of the alternator. More 
than one such array is required for balanced loading of 
the alternator. Two arrays provide balanced operation 
with a minimum number of components .( 71 ) 
A comparable inverter drive system, using centre-
tapped windings, is described by Williamson)72) 
In each coil the current is controlled by at least 
one pair of thyristors. Two thyristors must be ??0lt  at 
each instant, one thyristor from the upper half, and one 
from the lower half of the array, to provide a conducting 
path. 
The thyristor firing sequence is detailed in Table2.1. 
Each coil conducts for one-half of an alternator cycle, 
and the core is magnetised in the same direction, on each 
half cycle. The magnitude of the m.m.f. produced is 
three-halves that of one phase, in the direction indicated. 
The net magnetising current, in the Red phase belt 
of the motor, is the sum of the currents in four winding 









Figure 2.10 Motor coil array for modified cyclocoriverter 
(More than one array is normally required) 
Table .2.1 	Thyristor Firing Sequence 
Polarity of - Thyristors Direction of Net 
Alternator Firing !F with respect 
Voltage . to R axis(Radians)  
+ 7, 	4, 	6 
- 1, 	10, 	12 0 
+ 7, 	4, 	11 
- ir/3 i t 	10, 5 
+ . 2, 	4 2 	11 
2qr/3 - 8, 	10, 5 
+ 2, 	9, 	11 
- 8, 	3, 5 
+ 2, 	9, 	6 
47r/3 - 8, 3, 	12 
+ 7, 	. 	9, 	6 
5/3 
- 1, 3, 	12 
+ 7 2 	4, 	6 27- 
47 
2.5.2 Control requirements of the modified cycloconverter: 
A velocity control system, using the modified cycloconverter, 
is shown in Figure 2.11. The feedback and slip control 
components are not included. 
A velocity demand is placed on the control system. 
This demand sets the stepping rate in a six-step counter, 
and the field strength in the alternator. The firing 
circuit is controlled by an AND gate on each thyristor. 
The gate accepts the counter signal and the thyristor 
polarity, and provides a firing pulse to the thyristor, 
when the gate conditions are met. 
With a 2-ph alternator driving a 3-ph motor, 24 
firing circuits are required, for the thyristors. Logic 
triacs 	may be used instead of thyristors to simplify 
the circuit. With current devices, this system could 
operate with alternators up to 10 kHz, driving 1-Hz to 
3 kHz motors. 
2.5.3 Operation of the modified cycloconverter: It has 
been shown that inverter fed induction motors operate 
satisfactorily on six-step voltage wave forms, as in 
Table 2.1(72)  Losses are increased modestly (20% at 60-Hz). 74) 
Normal torque-slip characteristics are produced, but higher 
exciting currents are required, because of the localised 
saturation effects of the harmonics. 
A motor operating from the modified cycloconverter 
should have a normal torque-slip characteristic. The 
major difference in this configuration is its use of 
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Figure 2.11 Velocity Control System 
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These pulses increase copper losses and local iron losses. 
The iron losses are sensitive to the motor winding configu-
ration and the leakage inductance of the winding. 
Figure 2.11 designates the parts of the motor winding 
in phase belts; R, Y, and B. Four parts (RA, 	RB, and 
R) make up the Red phase belt. Ideally, these four parts 
would be obtained from a quadrifilar wound set of coils, 
in the phase belt. 
A more practical approach is to provide a two-layer 
winding with bifilar windings in each coil.(72) The 
leakage flux is only slightly greater, since all R 
conductors still share the same slot. The insulation 
requirements are reduced, if the upper and lower layers 
are supplied from separate alternator phases. 
2.6 Conclusions 
A modified cycloconverter circuit has been described, 
which eliminates internal reactors, and has a simple 
control function and gives a continuous output. 
The circuit developed overcomes the reduced power 
factor in cycloconverters. It achieves this desirable result 
by using the full voltage wave from the generatox1 
A penalty, inherent in using the full voltage wave, 
is an increased harmonic output. The output waveform is 
satisfactory for induction motor drives, but filters would 
be required for use in VSCF transformer-coupled supplies. 
A second penalty is also inherent in this method 
of achieving continuous output. Each generator phase 
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supplies pulses of current to separate motor windings. 
These pulses generate increased copper and iron losses in 
the motor. 
The following chapter presents a method of analyzing 
and predicting the losses in a specific motor winding. 
Later chapters describe the results of tests which demon-
strate motor action. 
5]. 
CHAPTER THREE 
A METHOD OF ANALYSIS FOR THE MODIFIED 
CYCLOcONVERTER CIRCUIT 
3.1 The purpose of the analysis 
In the preceding chapter, a circuit has been 
developed which produces cycloconverting action; a high 
frequency supply is used to produce a lower frequency 
current pattern. The circuit was developed to provide 
simple, effective control of the supply frequency, to an 
induction motor, thereby controlling the motor speed. 
The purpose of the analysis developed in this chapter is 
to examine the effectiveness of the modified cycloconverter, 
in providing adjustable-frequency power to an induction 
motor.  
3.1.1 General methods used: The effectiveness of the 
cycloconverter circuit depends primarily on the flux 
pattern, formed in the air gap. This flux pattern derives 
from the current density wave produced in the stator 
windings. 
The current in the stator windings is related to the 
applied voltages, the winding impedances, the relative 
spatial arrangement of the coils, and the voltages induced 
by rotor currents. These relationships can be described 
by a set of linear, simultaneous differential equations, 
which form a simulation model for the cycloconverter circuit 
analysis of this chapter. 
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The performance of a polyphase induction motor can 
be analyzed most conveniently with the per-phase equivalent 
circuit, attributable to Steinmetz, (7 5) shown in Figure 
3.1. The cycloconverter circuit simulation model provides 
the voltage and current parameters for this equivalent 
circuit. The various impedances are calculated from the 
winding design data. Torque and current, versus speed 
characteristics, are obtained from this equivalent circuit, 
as are operating losses. 
One complication in the above analysis arises 
because the input current, I, is not sinusoidal. Rather 
it consists of a fundamental, and a large number of 
harmonics. As the magnitudes of the resistances and 
reactances in the equivalent circuit vary with the input 
frequency, the circuit parameters must be calculated, and 
the operation analyzed, for each significant harmonic. 
3.1.2 Expected results of the analysis: The following 
results can be obtained from the analysis developed in 
this chapter. 
The currents flowing in each part of the 
stator winding as a function of control 
frequency, and of input voltage and frequency, 
the equivalent circuit input current, I, 
for each operating point, 
the air-gap flux density wave, as a function 
of time and position, 
the torque versus speed characteristics for 
various voltages, and control frequencies, and 
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rs 	xs x r 
S 
Figure 3.1 	Per-phase motor equivalent circuit. 
• (Superscripts refer to stator, s, 
rotor,r, and magnetising, m, parameters) 
t 
Figure 3.2 Circuit with flux reversing ability. 
(Nos.l and 12 refer to slot numbers 
containing the coil sides) 
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(e) the losses, efficiency, and power factor 
of the circuit, under various operating 
conditions. 
Linear models are chosen to provide a generalized 
basis for analysis. Modifications are introduced later 
in the results, to account for magnetic circuit non-
linearities. 
3.2 The simultaneous equations of the cycloconverter 
circuit simulation model 
The operation of the modified cycloconverter, in 
producing a controllable flux pattern, depends on its 
ability to maintain a relatively uniform magnetic field, 
within four closely spaced sets of stator coils, while 
each set of coils, in turn, is excited by a high frequency 
voltage pulse. The action within two sets of coils is 
explained in the following paragraph. 
3.2.1 Basic circuit operation: Figure 3.2 illustrates 
two coil, RA  and  RA, in a stator winding, with connective 
circuitry. The coil sides lie in the same stator slots 
(1 and 12). If thyristors No.2 and No.8 are "on", one 
coil receives only positive voltage pulses, and the other, 
only negative. Since current always flows in the same 
direction in each slot, a unidirectional increasing flux 	/ 
is produced. 
If thyristors Nos.2 and 8 are turned "off", and Nos. 
1 and 7 are "on" , the flux is reversed through the coils. 
This ability to maintain and reverse flux illustrates the 
operation of the modified cycloconverter circuit. The 
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thyristor control circuit determines the duration, and 
direction, of the flux produced, independent of the input 
voltage, eA. 
In the single phase circuit illustrated, the applied 
voltage ripple is < 48% of the average (d.c.) voltage 
produced, as the control frequency approaches zero, and 
can be reduced to < 107o by adding a second circuit, 
containing two more coils in the same slots, and fed by 
an e  = Ecos Wt. (7 6) 
The four coils in the above description:- RA, RA, 
RB, and R - are the four sets of coils of the Red phase 
winding of the induction motor cycloconverter circuit, 
shown in Figure 2.11. They are used as the starting place 
for a per-phase analysis of the motor. 
3.2.2 General equation formulation: For the theoretical 
no-load case, the four sets of coils can be treated as 
four independent inductors (L 1 to L4 ), with constant self 
and mutual inductances and internal resistances as shown 
in Figure 3.3. The current and voltage relationships are 
shown in the following equations, where 
e =e +e =E sin wt 
A 	 2 	 m 
3.2.2(1) 
e B = e 
3 	 m 
+ e 	= E cos wt 	 3,2.2(2) 
di + L di + j - di 	L di e = I r +L' 	 J3 _3 + 	—k. 3.2.2(3). 
I 	II 	 12 11+ 
dt dt 	dt 	dt 




+ L 	+ L 	3.2.2(4)
23 2 	2 2 	21 
dt dt 	dt 	dt 
56 
Set of Coils associated 






Set of Coils associated 




r 4 	L Z4 7;1  
V 
r 
:i. -. 	r  
Set of Coils associated 
with L 3 (R 8 ) 
Set of Coils associated 
with L4 (PB') 
Resultant current and flux 
from stator 
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Figure 3.4 	Voltage applied to typical coil set, RA, 
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d1 T di 	di 	die 	I r + L 	 + L_ + 	 3.2.2(5).21 
3 3 3 	3! 	 32 
dt at 	dt 	cIt
di 	di e = i r + L 	L+ 	+ L 	 32.2(6) 
L 
dt 	cit 	dt 	dt 
The inductances and resistances of the coil sets 
are measurable, on an open circuit test. The voltages must 
be synthesized, since they are non-linear. The shape of 
an idealized voltage wave (e 1 ) is shown in Figure 3.4. 
Voltage wave el, is displaced from e3 by 7r/2 radians, 
e2 by IT radians, and e4 by 37r/2 radians. 
Positive signs on the voltages are used as a matter 
of convenience, the synthesized waves for e2 and e4 are 
inverted. 
3.2.3 Equation format for an analogue computer: The 
coupled circuit equations 3.2.2(3-6), are readily soluble 
with an analogue computer. The normal procedure is to 
manipulate the equations, to obtainan unknown derivative 
which is equal to the sum of the other terms of the 
(77 78) equation.' 
Before this manipulation, it is possible to 
simplify the parameters. The self inductances, and the 
resistances, of the four sets of coils should be identical 
in a balanced winding for the coil sets have the same 
shape, and enclose similar magnetic circuits. 
Therefore, 
= r2 = r3 = r4 	 3.2.3(1) 
Lit = L22 = L33 = L44 	 3.2.3(2) 
Unless quadrifilar coils are used, mutual inductance 
terms will not be identical. Two degrees of coupling are 
used in the equations: 
L 1 2 	L21 	= L31 	= L 1. 3 3.2,3(3) 
L 13 = L 	= L23 = L21. = L31 	= L32 = L 1 	= L 2 3.2.3(4) 
With the above substitutions and re-arranged terms, 
the equations become: 
di it 	e1 	r 1 	L 12 d1 2 	L 13 di 3 	L 13 di 
(L1 
	 3.2.3(5) 
cIt 	Li 	1 I 
- 




di 3 - e3 	1rfl \  (T-13 \di1 /IJ3\d12 ,L12\d1
_) 3.2.3(7) 
at Lii \L1 / 	1 /dt 	\L1 /dt 	\L 1 1/dt 
di4 = e1 	r 1 	L 13\ d1 1 	L 13 d± 2 	L 12 d1 3 
cIt 	Li i 	 L 1 )dt -( 	
3.2.3(8) 
The independent variables of the simulation model, 
are the voltages, e14 . These are synthesized separately. 
The other input parameters are the winding time constant 
(L11/r 1 ), and the coupling coefficients (L 12/L11 ) and 
(L13/L11 ). 
Figure 3.4 illustrates an input voltage wave, with 
18 pulses from the generator per cycle of the motor control 
frequency. The peak value of the input voltage, e1 , is 
two-thirds of the peak value of the phase voltage of the 
two-phase generator (because of the series-parallel coil 
connections always used). The current in the coils has a 
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similar waveform. The harmonics in the current waveforms 
can be obtained by Fourier series analysis, which provides 
a general expression for the current as a function of time.(7980) 
The operation of an induction motor depends upon the 
current patterns which influence the field (flux) in the 
air gap. The individual current, in each set of coils, 
appears in the solutions to the above equations as a function 
of time. Flux is produced by ampere-turns, enclosing a 
specific area of the stator surface. The flux acting on 
an area can be obtained from the currents as follows: 
=3.2.3(9) 
where 	N = number of turns in each of four sets of 
coils. 
R = reluctance of magnetic circuit, and 
I = current in coil set n. n 
The detailed set-up of the analogue solutions is described 
in Appendix B. 
3.3 Analysis of motor operation; 
Doggett and Queer (81)  considered the problem of 
induction motor operation with time harmonics, on the 
impressed e.m.f. They visualized a number of identical 
motors, each operating with a sinusoidal e.m.f., corres-
ponding either to the fundamental or to one of the 
harmonics present. If the shafts of the motor are 
connected with ideal couplings, and, if friction and 
windage are neglected on all but one motor, the system 
should have the characteristics of the one motor with 
non-sinusoidal input. It was found that the power output 
of such a system is essentially that of the motor 
operating on the fundamental of the supply voltage. The 
other motors appear to be operating near unity slip. 
Jain(82) later analyzed the multi-motor approach, 
and detailed the contribution of each harmonic. The 
(3n + 1) orders of harmonics in the impressed voltage 
contribute positive torque, the (3n + 2) harmonics 
contribute negative torque. In most systems, the impressed 
voltage waves show half-wave symmetry, and no even order 
harmonics are 	 Also many waves have equal 
contributions from (3n + 1) as from (3n + 2) orders of 
harmonics. These analytical results also mean that 
negligible torque is provided by the harmonics. The main 
harmonic effect is to increase core losses and copper 
losses, particularly in the triplen cases. (84) 
Alger () proposed an equivalent circuit for the 
entire system, upon which could be impressed the non-
sinusoidal e.m.f. The circuit is made up of a series of 
connected impedances, consisting of: 
A resistor equal to the actual resistance 
between terminals, 
a reactance due to the leakage flux that does 
not cross the air-gap, 
ce a transformer, whose magnetising reactance 
corresponds to the fundamental air-gap flux 
wave, with a secondary impedance corresponding 
to the rotor winding, and 
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d. a series of further transformers, corresponding 
to the harmonics of the impressed e.m.f. 
This method is convenient when a small number of harmonics 
is to be considered. 
Klingshirn and Jordan 	split the equivalent 
circuit into a number of individual circuits, each 
similar to Figure 3.1. Each of these circuits corresponds 
to one harmonic, and is supplied by one sinusoidal voltage 
generator. The resistances, and inductances, of the 
various circuits must be adjusted to account for frequency 
effects. 
The following analysis is a development of this 
approach. However, it differs in using current 
generators instead of impressed m•fs,  since current 
values are available from the analogue simulation. 
3.3.1 Frequency effects on inductance: The per-phase 
equivalent circuit suggested is shown in Figure 3.5, 
modified by the use of current generators. The core 
loss branch is neglected in this circuit, and the loss 
calculated separately. 
With harmonics present, the stator leakage inductances, 
LkS , and the rotor leakage inductances, Lk,  are less than 
they would be under excitation by the fundamental only. 
This reduction in leakage inductance was found, empiri-
cally, to be 15% to 20%, and was the same for all circuit 
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sections.() Reductions occur, because, the harmonic 
currents cause unusual peak m.m.f's, which increase the 
saturation of portions of the magnetic circuit. 
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Figure 3.5 	Equivalent circuit for a motor with 
non-sinusoidal excitaLion. 
Similarly, a reduction occurs in the magnetising 
inductance. A semi-empirical method is developed to 
calculate the value of the magnetising inductance, L', 
based on the equivalent sinusoidal applied voltage, and 
the saturation curve of the motor. 
The equivalent voltage is: 
Veq 	V1  (1 + CfHB) 	 3.3.1(1) 
Where V1 = sinusoidal fundamental voltage, 
C = empirical factor = 0.5, and 
1 (V5 v 	 Vk '\ 
H3
= 	y 	 +...........  
From the saturation curve, the magnetising current, I,
M. 
is obtained, and L calculated. 
V 
Lm _ eq 
I 3.3.1(3) 
The error, in ignoring winding resistance and leakage 
reactances, is negligible in the no-load case. (85) The 
procedure in obtaining 1I3 must be altered to use current 
generators. H  	is defined by assuming that the circuit 
impedances are inductive and vary with frequency, such 
that 
Z 	= 1 3.3.1(4) 
and 
V 	= I k Z  k 3.3.1(5) 
Therefore, 	H3 = 	(I +I7+•.e.........+Ik) 3.3.1(6) 
The parameters for the simulation can only be set after 
an initial run of the simulation model, to determine the 
approximate harmonic contest. The simulation should be 
run again, with corrected inductance values, to predict 
63 
64 
the actual currents in the windings. It is assumed that 
the impedance of the magnetising inductance is so high in 
the harmonic equivalent circuits, that its current is 
negligible. 
3.3.2 Frequency effects on resistance: The winding resist-
ance consists of the d0c resistance, the resistance due 
to skin effect, the resistance due to proximity effects 
of other wires, and the resistance due to deep-bar rotor 
effects, (8 6) 
The skin effect is proportional to frequency, and 
'iire diameter. With the small wires, and relatively low 
harmonic frequencies expected, no increase in resistance 
(87) 
IS likely from skin effect. 
The proximity effect is caused by magnetic fields 
produced by currents in adjacent wires. This effect is 
proportional to the frequency and the magnetic field 
strength in the conductors, In an iron cored structure, 
such as a stator winding, the field strength throughout 
the conductors is low, and proximity effects are negli-
gible. 
The fundamental rotor bar resistance, as seen by 
the stator winding, depends on the rotor bar dimensions, 
the stator winding configuration, and stator turns. The 
75 exact relation is described by Alger.() 
For frequencies above the fundamental, the resistance 
value requires correction to account for the deep-bar effect 
on conducting cross-sectional area. Alger ) developed 
a general solution for the voltage across a rotor bar, 
as the sum of the resistive drop and the e.m.f. produced 
by the cross-slot flux. The real, or effective, resistance 
in this expression reduces to 
r 
r = rdC(ad) 	 3.3.2(1) 
where 	a = 2.70J 	 3.3.2(2)  60 
R = ratio of bar width to slot width 
f = applied frequency (for f ?. 100) 
d = depth of bar (inches) 
3.3.3 Resultant torque-slip characteristic: The rerforniance 
of the motor can be calculated from the equivalent circuit, 
with fundamental excitation, using the normal torque 
(85 
equation:' 
T = q 	(I )2 
	 3.3.3(1) 
W
S  1 (75-) 
where 	T = torque, N-m 
q = number of motor phases 
w = synchronous angular velocity, mechanical 
radians/second 
= equivalent rotor current 
r = rotor resistance in primary terms 
s = slip of rotor with respect to stator field. 
3.4 Calculation of motor losses 
Motor losses are separable, as stator and rotor 
copper losses, core and stray load losses, and friction 
and windage losses. The discussiofl of these below, is 
based on Alger 	except where noted. 
3.4.1 Stator copper loss: 	The total loss is 
OD 
W1 = qrI 	watts 	 3.4.1(1) 
where r = resistance of stator winding at kth harmonic 
= kth harmonic of stator current 	- 
3.4.2 Rotor copper loss: The rotor copper loss 
consists of the fundamental slip loss and the harmonic 
loss: 
W2 = W s 	2k + W 	
3.4.2(1) 
where 	W =Tn  watts (74) 	 3.4.2(2) 
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T = torque in N m 
n = slip speed, rev/mm. 
03 
W2k= q 	r r 1 	 3.4.2(3) 
where r = resistance of motor winding to kth harmonic 
current, referred to the stator winding. 
= rotor current at the kth harmonic, referred 
to stator terms. 
3.4.3 Core loss: Core loss is a function of flux density 
in the core. Klingshirn and Jordan 	found that the 
increase in loss, due to non-sinusoidal excitation, was a 
negligible fraction of the total core loss. However, that 
analysis was based on pulsating applied voltages, rather 
than currents. The local core loss will be increased by 
applied current pulses, particularly if a balanced winding 
is not used. 
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Fitzgerald and Kingsley () approximate the core loss 
by splitting it into eddy current loss and hysteresis loss, 
described as: 
P = k(B ft) 2 	watts 	 3.4.3(1) 
P = k f B 	watts 	 3.4.3(2) 
h 	h m 
The eddy current loss constant, k, is proportional to the 
volume and resistivity of the iron laminations. The 
thickness of the laminations, t, influences the eddy current 
paths, by limiting their length. 
The hysteresis loss coefficient, kh,  depends both 
on the volume and the magnetic characteristics of the iron. 
The frequency, f, and the maximum flux density at that 
frequency, B  also influence the hysteresis loss. The 
flux density exponent, n, varies from 1.5 to 2.5 depending 
on the iron characteristics; a value of 2.0 is often used 
for estimating hysteresis loss. 
The core loss can be summed for each harmonic, to 
yield the following loss formula: 
W c 	e 	h 
= P + P 	 3.4.3(3) 
OD 
= 	
B 2 [(kf1 ) 2 (t 2k) 
k=l 	
+ (kf1) 	] 	3.4.3(4) 
The constants (t 2k) and (kh)  can be used to normalize 
the predictions from 50-Hz test results. At this frequency, 
he eddy current term in the equation represents about -41 
of the total core loss. Langlois_Berthelot(88)  has listed 
the proportion of hysteresis and eddy current losses, for 
various loss grades of iron. The results are shown in 
Table 3.1 for samples tested at 50 Hz and 1Wb/m 2 . 
TABLE 3.1 
Apportionment of Core losses 
Total Core Hysteresis Eddy Current 
Loss, Loss, Loss, 
W/kg 
3.6 61 39 
2.6 77 23 
1.35 78 22 
3.4.4 Friction and windage loss: This loss is unaffected 
by changes in methods of exciting the motor. It is a 
function of motor speed and shaft loading, and is best 
determined empirically. Normally, friction and windage 
losses account for one or two per cent of the rated output 
power of a motor. 
A reasonable model of friction and windage loss, 
W , is given by 
I 
w 	
Nti + /Ntl2 
W = 0.01 Wrated 	
) 	Ntd I 
where 
Wrated = rated machine output, watts 
Nactual= machine speed 
Nrated = rated machine speed 
3.4.4(1) 
M. 
3.4.5 Stray load losses: The stray load losses are other 
core and copper losses due to leakage fluxes and their 
high-frequency pulsations. Alger, et al. 
(89) 
 divided 
these losses into six components, which are discussed 
below. These losses normally comprise about 1.3% of the 
input power. 
The eddy current loss in the stator copper, due to 
slot leakage flux, was considered under stator 
copper losses. This effect is negligibly small. 
The losses in the motor end structure, due to end 
leakage flux, are lumped with the core loss treat-
ment in Section 3.4.3. For a separate treatment, 
the end loss, WE,  is calculable by: 
00 
WE 	 0.3 q Ik f1 CE 	, watts 	 3.4.5(1) 
Where CE  is a constant which includes the winding 
turns., poles, and geome t ry .( 89 ) The constant 0.3 
is the empiri'cal power 'factor of the end turn. flux 
circuits. 
The high frequency rotor and stator surface losses, 
due to the zigzag leakage flux, are functions of 
flux density, motor speed, and construction, rather 
than fundamental supply frequency. Since higher 
flux densities are notenvisioned in this motor 
drive, no increase in surface losses is likely. 
This loss is, therefore, neglected in considering 
high-frequency effects. 
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(d) 	High-frequency tooth pulsations, and related rotor 
copper losses, are due also to the zigzag leakage 
flux. The loss is of the form 
W = Cq12 k s 2b R 	
, 	watts 	 3.4.5(2) 
where C depends on the slot gap ratio and the slots 
per pole, and k5 R 2 is the rotor bar resistance 
at the slot m.m.f. harmonic frequency. This effect 
is assumed to be included in the rotor copper loss 
calculation above. 
(e) 	Belt leakage flux from the stator causes circulatrg 
currents in the rotor, and consequent copper losses. 
This effect is also assumed to be included in the 
rotor copper loss calculations above. 
(I) 	Skew leakage flux occurs in motors with skewed 
slots. It involves a correction factor in the 
stator core loss, and surface loss. It is 
neglected in this model, since, the test motor 
does not have skew slots.' 
The six stray-load losses are, therefore either 
included in other calculations, or of negligible signifi-
cance to the loss model developed. 
3.5 Summary 
The operation of an induction motor, with sinusoidal 
excitation, is fully treated in the literature, and well-
authenticated methods have been described, to calculate 
output characteristics and losses. This chapter has been 
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devoted to investigating the modifications to such a treat-
ment which would be required in order to describe the 
characteristics of motors, with modified cycloconverter 
excitation. 
An analogue computer simulation was developed to 
describe voltages, currents, and fluxes in the motor 
winding. These parameters were separated into their con-
stituent harmonics, by Fourier analysis. Finally, motor 
performance and losses were described, by applying the 
various harmonics to equivalent circuits for the motor. 
The motor output is provided by the fundamental 
frequency constituent, while the losses are mainly due 
to harmonics in the core and copper. 
The following chapter uses these calculation 
techniques, to predict the performance of a test motor, 




PREDICTED OPERATION OF TEST MOTOR 
WITH MODIFIED CYCLOCONVERTER 
4.1 Results of analogue computer simulation 
In the preceding chapter, equations were developed 
describing the voltages and currents in four inductively-
linked sets of coils in one phase of a motor winding 
[Equations 3.2.2.(1-6)]. The currents which flow in these 
coils depend on their impedances and the applied voltages. 
These parameters are specified in the following sections, 
and coil currents are predicted by solving these equations 
on an analogue computer. 
4.1.1 Parameters of the analogue simulation: The test 
motor is described in Appendix C, along with results of 
tests on this motor, using a 50-Hz, 3-ph (mains) supply. 
Manufacturer-'S data (90) are used to derive impedance values, 
abridged as required to account for the operating conditthns, 
under no load. 
The test motor contains 48 coils, 16 per phase. 
Therefore, each of the four sets of coils in the simulated 
circuit includes four coils. 
4.1.1.1 Resistance of stator winding: The coil resistance 
is 0.461L at 60 C, with 50-Hz excitation. Section 3.3.2 
previously indicated that frequency effects on stator 
resistance would be negligible. 	Therefore, r 1  
for all likely harmonics. 
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4.1.1.2 Leakage reactance of stator winding: The leakage 
reactance per phase of a normal 4-pole connection is 3.6 fi 
at 50-Hz. The normal phase connection consists of 16 coils 
in two parallel circuits. Therefore, the average leakage 
reactance per coil is 0.90 fL, which corresponds to a 
leakage inductance of 2.9 InH. 
Klingshir-n and 	 (74 noted that non-sinusoidal 
excitation has the effect of reducing the apparent leakage 
inductance of all frequencies by 15 to 20%. The lower 
reduction is conservatively chosen here to give a simulation 
leakage inductance L 1 of 9.7 niH per set of four coils. 
4.1.1.3 Magnetising reactance: Under no-load test at 
rated voltage and frequency, the test motor exhibited a 
magnetising reactance of 9811. This consists of the self-
magnetising reactance of the coils plus their mutual 
reactance. In the idealized case, the magnetising reactance 
of each set of four coils would be one-fourth of the total 
reactance. Hence, one-fourth of the total magnetising 
inductance (310 ml-!) would be 78 niH, the self-magnetising 
inductance of each of the four sets of coils. This inductance 
value must be corrected to account for non-sinusoidal 
excitation. 
Section 3.3.1 outlines an iterative method of deter-
mining the effect of harmonics on magnetising inductance. 
An initial estimate of the effect can be made from the wrk. 
of Klingshirn and Jordan 	who analysed a similar pulsed 
voltage wave applied to an isolated motor circuit. The 
resulting values of cfHB [see equation 3.3.1(1) ] are 
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plotted in Figure 4.1 against pulses per cycle of the 
fundamental. With a 900-Hz generator feeding the 50-Hz 
test motor, the modified cycloconverter will apply 18 
pulses per cycle. The value of CfHB  at this pulse number 
is 0.13, meaning, an increase of 13% is required in the 
exciting voltage to provide the equivalent of sinusoidal 
magnetisation. 
The B-H curve for the test machine is shown in 
Figure 4.2. If the machine is operating at a flux density 
of approximately 1 Wb/m2 , a 13% increase in voltage would 
require an increase in exciting current of approximately 
30%. Therefore, the effective magnetising inductance is 
only 777o of the apparent fundamental inductance. Using 
this correction factor, the self-magnetising inductance, 
Lml , for the simulation, should be 60 mH for each four-
coil set. 
4.1.1.4 Self and mutual inductance: The self-inductance 
of the four coil set is 
L 	= L + Lml = (9.7 + 60) niH = 70 niH 	4.1.1.4(1) 11 iii  
The self-magnetising inductance is approximately equal to 
the mutual inductance in this simulation, since all coil 
sets have an identical number of coils. However, coil 
groups which are not spatially identical will have a lower 
coupling. For identically spaced coils, the coupling 
Co-efficient 
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Figure 4.2 	B-H curve for experimental motor, 
from Brown. 
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4.1.2 Results of the analogue simulation: Figure 4.3 
illustrates the form of the analogue computer simulation 
results, as taken from oscilloscope photographs. The 
voltage simulator is slightly non-symmetrical in these 
results, but the general forms of individual current and 
total current illustrate the operation of this circuit. 
The calibrated results shown later are illustrated 
by pen-recorder plots of the waveform. Multiple traces 
were more easily produced, sequentially, on the pen-
recorder. 
To produce these results, equations 3.2.3(5-8) were 
solved, using the parameter values listed in Table 4.1. 
These parameters, described above, are modified slightly 
in the solutions to illustrate the effects of slightly 
different coupling and circuit resistance from the ideal 
model. The analogue computer block diagram for this 
solution is shown in Figure 4.4. 
TABLE 4.1 
PARAMETERS FOR SIMULATION MODEL 
1.8n 
L 11 = 70 mH 
= 26 
(Values tested 9 to 90) 
= 65 mH L 12 
=0.95 
L 13 
=56mH L 11 
f 1 = 50-Hz L13 
K. ii 	=- =0.80 =  10 Vpk 
f 	= 900-Hz gen 
Curve 4.3 	Sii:uLi.H 
Coil Vo I t' 
Curve 4. 3 b 	Simu] t 
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Figure 4.4 Analogue computer solution block diagram 
(Each amplifier also acts as an inverter) 
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4.1.2.1 Description of waveforms, r 1/L11 = 9: The 
inductance values in the input parameters developed above 
were made conservatively low, by estimating equal mutual 
and self-magnetising inductances. 
To illustrate the effect of slightly higher inductance 
in the circuit, the first waveform shown, illustrates the 
analogue simulation results when r 1/L 11 = 9. The individual 
curves in Figure 4.5 are discussed below: 
Curve 4,5a 	 Generator voltage 
One phase of the generator voltage eA, is shown 
as the first waveform. This voltage over drives 
the pen-recorder, and is, therefore, not to scale. 
It is included here to show the generator period 
at 900-Hz. 
Curve 4.5b 	 Coil applied voltage 
The simulated voltage (_e1) applied to one coil 
group, is illustrated in the second waveform. The 
curve is smoothed by the low frequency response of 
the pen-recorder (cf Figure 4.3a). 
The peak voltage illustrated i,s 10 V, which 
corresponds to a generator output of 10.6 V r.m.s. 
The control frequency simulated is 50 Hz. 
Curve 45c 
	 Coil Current 
The coil current (1 3) is illustrated in the third 
waveform. The peak value of the current shown is 
6.7 A, while the fundamental of the current, from 
Fourier analysis, is 4.6 A. This waveform exhibits 
several unexpected results. Firstly, it moves 
Generator Volta g 
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Figure 4.5 Current and voltage Solutions from analogue computer, r1/L11 = 9 
(Horizontal 	 c 	v ri 
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initially in opposition to the applied voltage. 
Secondly, instead of being pulsatile in nature, 
like the applied voltage, it appears to be 
sinusoidal with a large harmonic content. Finally, 
the current lags the applied voltage (after several 
cycles) by 55 ± 50 . The significance of these 
results is discussed in the following section. 
Curve 4.5d 	Summation of currents 
The next waveform illustrates the summation of 
currents in the four sets of coils (i 1 +i2 +i3 +i 4 ). 
This summation is proportional to the flux in the 
core enclosed by the phase under examination. The 
magnitude of the sum of the currents, 6.2 A funda-
mental, is only slightly higher than the individual 
currents. This important result indicates that 
the fluxes of the individual sets of coils do not 
add effectively. This problem is discussed in the 
following section. 
Curves 4e5e and 4.5f 
Summation of part currents 
In a balanced winding with four spatially identical 
sets of coils, the flux wave would have similar 
effects on each motor tooth. However, the test 
motor winding proposed cannot be perfectly balanced. 
One-fourth of the teeth in each phase will be 
involved in a transition zone which contains a 
higher proportion of ripple flux. Two possible 
ripple fluxes are illustrated in these curves. 
M. 
Curve 4.5e shows the sum of currents i 1 and i 22 
which is the most likely tcansition zone condition. 
Curve 4.5f illustrates the effect when (11+12) 
opposes (i3+i 4 ). These current sums are about one-
half the magnitude of curve 4.5d. The ripple in 
the transition zone, therefore, is also of reduced 
magnitude. 
4.1.2.2 Discussion of predicted effects: The simulation 
produced several unexpected results, which are discussed 
below. 
The coil current in Figure 4.5c moves initially 
in opposition to the applied voltage. This movement is 
a fault in the analogue simulation of thyristor action 
in the modified cycloconverter. Instead of simulating 
an open circuit to ± 3 which a thyristor would present; 
the simulation merely places zero initial voltage on this 
part of the circuit. Since these coils are inductively 
coupled to three other sets of ooils, the initial current 
in 13 is induced in opposition to the build-up of currents 
i 1 and 
The second unexpected result is that the current 
in the coils is not pulsatile, like the applied voltage. 
This occurs because the normal time constant of the circuit 
is greater than one generator period. The current there-
fore, diverges, or, builds up from zero, and the thyristors 
lose control for a large number of generator cycles. 
This result indicates that the test machine exceeds 
the power factor limits implied in the firing logic 
described in Table 2.1. The magnetising inductance of the 
test machine, is predicted, by this simulation, to cause 
the control circuit to malfunction. The operating limits 
of the control circuit are discussed in section 4,2. 
The lagging power factor of the current, drawn 
from the generator occurs because the circuit appears 
highly inductive when the thyristors lose control. In such 
a condition, the apparent input impedance, seen by the 
generator, is related to the coil resistance and leakage 
reactance at the generator frequency. The lower, control, 
frequency has little effect on the generator output. This 
conclusion is borne out by the low magnitude of the summation 
of currents. 
4.1.2.3 Description of waveforms,r 1/L11 = 90: The value 
of the inverse time constant (r 1/L11 ) developed for the 
machine operating at no-load was 26 (see Table 4.1). The 
value of 9 used in the simulation of Figure 4.5 was chosen 
to illustrate slightly more inductance of the circuit. 
The waveforms shown in Figure 4.6 result from simulation 
using a value of 90, a lower effective inductance. 
These results were obtained to bracket the no-load 
operating region, and to verify the unexpected results 
discussed above. The waveforms of Figure 4.6 illustrate 
the transfer of some rotor resistance to the primary, i.e. 
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Curves 4,6a and 46b 
Generator and coil applied voltages 
No change occurs in these input conditions.. 
Curve 4,ôc 
	 Coil current 
The waveform is shown to be more pulsatile in 
nature, although the same c )ntrol problems continue. 
There is an initial reverse current flow, and the 
current does not touch zero for several generator 
cycles, per control cycle. The peak magnitude of 
the current waveform is 4.6 A and the fundamental 
is 1.4 A. 
Curve 4.6d 
	
Summation of currents 
The summation of currents, 5 A pk with a 2.8 A 
fundamental, is substantially larger than the 
individual currents, showing that the effects of 
these currents are additive, and indicating that 
the circuit operation improves as the power factor 
of the load increases., 
Curve 4.6e and 4.6f 
Summation of part currents 
Little change occurs in these waveforms from those 
in Figure .405. 
4.2 Predicted operation from analogue computer results 
It was assumed in Chapter Two that the modified 
cycloconverter would naturally commutate on the expected 
test machine. Under that assumption, the cycloconverter 
control circuit, in Appendix D, was developed. The analogue 
simulation, in this chapter, has indicated that this control 
c! rcuit will have a limited region of operation. The 
limits to its operation are discuSSd below. 
4.2.1 Analysis of commutation limits: To establish the 
natural commutating limits of the modified cycloconverter, 
reference is made to Figure 4.7. This figure represents 
a 4-ph voltage source, feeding a common magnetising circuit. 
The motor magnetising frequency, 	is less than the 
generator frequency: fg 
The maximum current through L is ml 
'ml WL 1 
4.2.1(1) 
If all supply current is suddenly. removed, 'ml may continue 
uninterrupted if the power factor of the rotor circuit is 
high, and if the net impedance of the rotor circuit is low. 
(The analysis neglects the reactance of the supply and the 
stator leakage reactance.) The limit on rotor circuit impe-
dance is obtained by equating the impedance drops of rotor 
and magnetising circuits: 
M1 
R 2 + jX 2 1. = I ml jXml i 	 4.2.1(2) 
whence 	1R2 + jW g e2 
L 	= 1w m mi. 
	
L 	1 4.2.1(3) 
The power factor limit requires that the rotor time constant 
be less than one generator period. Again, equating yields 
the limiting relationship: 
L 	2 7 	 L 





g 2 i 
L 
R2 
= resistance of stator winding section plus the 
thyristor .  -
L 1 = leakage inductance of stator winding section 
L, 2 = leakage inductance of rotor 
Lmi = magnetising inductance of stator 
R 2 = effective rotor resistance 
E 1 -E 4 = sinusoidal voltage sources at 900 intervals 
Figure. 4.7 Equivalent circuit .of modified cycloconverter 
fed motor with four Superimposed windings. 
Substituting equation 4.2.1(4) into 4.2.1(3), and solving 
Coi the magnitudes involved yields: 
LW mLm1 	 + 	g2 =/ ('g)2 [()2+ i] 4.2.1(5) 
2,7T 	 z 
Therefore, 
CO L 	WL 
M ml g 2 




Equation 4.2.1(6) indicates that the leakage induc-
tance must be low if low motor speeds are desired. In this 
test case, the leakage inductance of the rotor circuit must 
be less than 6%, (f/f = 
	= .06), if natural commutation 
is required. 
In the test circuit described 
WmLml = (bOlT) (240) =, 7511 	 4.2.1(7) 
X2 =WgL 2 = (18001r) (.006) = 3411 	4.2.1(8) 
r 
.. 	R2 = 2 
	= 6.2 J752 342 	
= 6711 	 4.2.1(9) 
If equation 4.2.1.(9) is solved for s, the solution indi-
cates that the circuit cannot commute naturally for slips 
less than 9576 under the test conditions specified. [See 
Table 4.1 and Appendix C, for parameter values; the 
value of r is corrected for generator frequency, using 
equation 3.3.2(2).] 
4.2.2 Applied voltage for correct commutation: The analogue 
simulation has indicated that the firma circuit in the 
test equipment is not adequate for low power factor or 
regenerative loads.When a low power factor load is applied, 
a large oscillating, reactive current flows. This situa-
tion is explained by reference to Figure 4.8. 
Circuit 4.8a illustrates part of a 4-ph cyclo-
converter supplying current to a load. In this figure, 
P group thyristors supply current to the load, and N 
group thyristors take current from the load. For simpli- 
city, the voltage waveform provided by this cycloconverter 
is shown as a square wave and the current as sinusoidal. 
Waveform 4.8b illustrates the voltage applied to 
a unity power factor load. In this situation, the N group 
thyristors conduct from time t 1 to t 3 when the voltage 
waveform is negative, and current flows out of the load. 
P group thyristors are "on" from t3 to t5 when the voltage 
waveform desired is positive. 
Waveform 4.8c illustrates the voltage and current 
which must be applied to a lagging power factor load. In 
this case, current must be supplied to the load after the 
applied voltage has gone from positive to negative. There-
fore, from t 1 to t2 , P group thyristors are supplying current 
to the load. At t2 , there is zero current flowing. After 
a small delay, N group thyristors draw current from the 
load until t 4 . 
The firing circuit described in Appendix D allows 
the P group thyristors to continue to supply positive 
VI.- - 
b. Unity power factor 
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Figure 4.8 Cycloconverter voltage and current 
relations for correct commutation. 
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current to the load from t 1 to t2 , but it also allows 
to draw pt4i current from linked the N group 	 negative 
coils in the load from t 1 to t2 . This c -isti.tutes the 
commutation failure under discussion. 
To achieve the voltage reversal of the P group, the 
firing signal must be phased back from near 00  on the 
generator cycle to near 180° during the period t 1 to t 2 . 
The required value of t2 varies with the load 
power factor. A conservative, fixed, value may be chosen 
with some degradation in waveform. Control of t 2 by load 
current is preferable, but more complex. Optimally, a 
system is required to detect that a thyristor has ceased 
to conduct, and to indicate both forward and reverse 
blocking ability. Such a system is under development(9192) 
and is described in Appendix F. 
4.2.3 Predicted motor operation: 
4.2.3.1 Per-phase equivalent circuit of motor: The per-
phase equivalent circuit of Figure 4.9 is used to predict 
the operation of the test motor. The values ofthe normal 
circuit parameters are listed in Table 4.2, which also 
lists the modified parameters of the equivalent circuit 
for cycloconverter input. The inductance values have been 
reduced as in section 3.3.1, and the winding resistance 
values have been increased to account for harmonic losses. 
50-Hz input is assumed for both equivalent circuits. 
Finally, the core conductance has been increased to account 
for higher core losses. The minimum rotor slip was 
calculated earlier to be 97o, and this condition is 
expected to produce no torque. 
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Lti 	 L2 
Figure 4.9 Per-phase equivalent circuit of motor 
(See Table 4.2 for parameter values) 
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TABLE 4.2 
Normal and Modi-fiedpArameters of the equivalent 
circuit 
Parameter 	S 	Normal 	 Modified 
Value Value 
L.. 11.4xnH 9..7mH 
6.5 mH 5.5 niH 
L 310 	niH 240 niH ml 
1.84 3.7 	IL r 1 
2.1 	IL 2.3 	Ii r2 
r 260 	IL 130 	Si 
s 0 to 1 .09 to 1 
4.2.3.2 Generator output: The predicted motor coil curront 
was shown in Figures 4.5c and 46c. During the periods 
of peak applied voltage, the generator current equals the 
individual coil current. The different r 1/L11 ratios in 
these figures have little effect on the magnitude of the 
oscillations. Rather, the r 1/L11 ratio mainly affects the 
magnitude of the circulating current. The independence 
of generator current from motor load is the significant 
prediction to be drawn from these curves. The generator 
current is predicted to be 16 ± 3 A, lagging the voltage 
by 55 iL 50 
4.2,3.3 Summary of predictions: At 990-Hz and 106 V r.m.s, 
the power supply current is estimated to be 16 L550 A. 
Therefore, the no load power input is estimated to be 
1100 W per supply phase. At a control frequency of 50-Hz, 
the motor performance is estimated by the equivalent circuit 
of Figure 4.9 using the modified parameter values in Table 
4.2, and with torque equated to zero at 97o slip. The 
energy input for smaller slip values is dissipated in 
copper and core losses due to the circulating currents 
introduced by faulty commutation. The r.m.s. generator 
current is not expected to vary with lower control frequen-
cies, and the equivalent circuit is also expected to be 
valid. 
4.3 Digital computer analysis of operation with improved 
firing control 
The earlier analogue computer circuit simulations 
were representative of results expected with the present 
firing circuit. The analogue simulation was unable to 
describe the operation of the modified control circuit in 
section 4.2.2, and a digital computer approach was more 
convenient for analyzing the modified control circuit, 
using the programme called ECAP (Electronic Circuit 
Analysis Programme) which has been developed by Hughes 
Aircraft Company and IBM corporation. 	This programme 
solves both passive and active circuit models with numerical 
analysis techniques which also include a special, current-
sensing switch. Four place accuracy is allowed by the 
numerical techniques employed. 
4.3.1 Commutation zone simulation with high power factor 
load: Figure 4.10 illustrates the waveforms from an ECAP 
simulation of the operation of the modified cycloconverter 
applying square wave excitation to one phase of the test 
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motor at full load. (Square wave simulation is simpler 
to illustrate.) The circuit used in this simulation WAS 
shown in Figure 4.7. 
The generator voltage eA) illustrated as curve 4.10a, 
produces currents, i and 	as in the analogue simulation. 
These currents are illustrated as curves 4.10b and 4.10c. 
The generator voltage is 100 V r0m.s. at 860-11z. 
The second phase of the generator voltage, eB, is 
illustrated as curve 4.10d, and produces currents, ± 3 and 
shown in curves 4.10. and 4.10f. The four coil currents 
flow through RA,  R, and RB, and R, respectively, as 
shown in Figure 2.11. The peak coil current shown is 
3 A just prior to commutation. 
Curve 4.10:g represents the magnetising current, 
which reaches a peak of 1.3 A. The final curve, 4.10h, 
shows the form of the rotor current, referred to the 
stator. This current rises to 15 A and falls to -1.8 A, 
shortly after commutation 
The general simulation may be explained in sequence. 
At t = 0, no current is flowing and maxi -.-- um voltage is 
applied to R, causing 1 4 to rise. In sequence, the most 
positive voltage is applied to i 1 , i3, 12 and, again 1 4 . 
This pattern results in gradually increasing exciting 
current pulses in each coil set until the transition to 
negative applied voltage begins. The transition is started 
at 3.5 ms after three generator cycles, when i and 
are flowing. Next 1 4 commutates i2 off and provides the 
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Figure 4.10 Simulated modified cycl.oconverter operation 
on high power factor load using improved 
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continues to flow when the generator voltage applied to 
R is neritiv. until i. reverses. The next negative A 	- 
pulses come from i 1 , i3 , 	etc. 
In the meantime, the rotor current has reversed and 
the magnetising current has been declining. This simulation 
is biased by starting with all currents equal to zero when 
time is zero, but the process explanation is not affected. 
There is no apparent ripple in the magnetising current, 
but about 4% r.m.s ripple appears in the rotor current. 
4.3.2 Commutation zone simulation, low power factor load: 
The previous simulation illustrated the operation of an 
ideal firing control circuit with the test motor at full 
load. The process of commutating the generator current 
from positive pulses to negative pulses occurred in one 
generator cycle. Under a no-load condition, the transi-
tion zone is much longer, as illustrated in Figure 4.11. 
The curves are designated in the manner of the 
previous figure. Figure 4.11 illustrates the waveforms 
after 2.3 ins have elapsed. At 3.5 ins, the firing pulses 
are phased back 135 0 [rather than 1800  as previously 
designed. The commutating limits revealed by this and 
similar simulations are described in Appendix E.] The 
transition from positive to negative magnetisation con-
tinues until 9 ins, when 1 4 is seen to reverse. The rotor 
current scale is magnetised by 5X over the previous 
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Figure 4.11 	Simulated modified cycloconverter operation 
on low power factor load using improved 
control circuit. 
4.3.3 Summary of digital computer simulation results: 
Test motor operation with an improved firing control can 
be predicted using the ECAP programme on a digital computer. 
The results shown in Figures 4.10 and 4.11, and those 
described in Appendix E, provide the basis for the following 
predictions. 
The equivalent circuit described in Figure 4.9 is 
valid for predicting motor operation. Harmonic effects 
on torque may be neglected. 
The coil magnetising current is predicted to be 
0.5 A r.m.s. with 100 V r.m.s. from the generator. This 
is about one-quarter of the magnetisation required by the 
test machine. Therefore, much higher magnetising voltage 
is required to overcome the leakage reactance at the 
generator frequency. 
The predicted generator current, per phase, is 
illustrated in Figure 4.12. It is shown to lag the voltage 
by 52 ±50,  which agrees with the analogue prediction. 
The losses in the test machine will be affected by the 
pulsatile stator current and the rotor current harmonics. 
The stator current pulses must be twice normal amplitude 
since they occupy only one-half a cycle. Using the existing 
winding, the losses would, therefore, be doubled. The 
rotor copper losses are unaffected by the 4% ripple, but 
he core loss will be increased, as described in section 














Appendix E describes the firing control suggested 
by the ECAP simulations !or the transition from positive 
to negative magnetisation. The procedure required is 
cessation of all firing signals for one generator cycle, 
and then, the phasing of all signals back, on the positive 
thyristor (P) group, by 135 until current ceases. After 
the cessation of positive current, zero crossing firing 
may be employed on the negative (N) group thyristors, to 
provide negative magnetisation. A control circuit 
employing this control procedure is predicted to provide 
for commutation of the test machine at all loads over a 
10:1 speed range. 
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CHAPTER FIVE 
TEST EQUIPMENT AND RESULTS 
5.1 Test equipment 
A high-frequency power supply, a modified cyclo-
converter, a test motor, and a dynamometer, formed the 
principal test system. These units are discussed, 
individually, below. 
5.1.1 Power supply: High-frequency power was provided, 
by a motor-generator set which was transformer-coupled 
to the cycloconverter. The nameplate specifications, of 
the five series units of the power supply, are listed in 
Table 51. 
The mains supply, at 415 V and 50-Hz, meant that 
the motor was slightly over-excited, and that the output 
speed of the drive was 177o below rated value. The speed 
could be adjusted by changing drive-belt pulley ratios, 
and rated speed was achievable. 
The 3-ph generator output was converted to 2-ph by 
a Scott "T" - connected pair of transformers. Since the 
generator output was at high frequency, the transformers 
were operating at very low flux densities. The output 
voltage was varied, by changing the resistance of the 
generator exciter circuit. 
If the various unit rating differences are taken 
into account, the power supply rated output is, 16.8 A 
at 294 V, 2-ph, 800-Hz. This rating could be exceeded for 
short periods of time, by over-excitation of the generator. 
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TABLE 5.1 
Power Supply Unit Specifications (Five Series Sections) 
Mains 	 - 	415 V, 	 60 A l 	50-Hz 
Motor 	 - 	U.S. Electric Motors Inc., 
15 hp. 	 50.6/25.3 A 
220/440 V 	3-ph 
60-Hz 	 code F 
Serial 480868 	Frame 51-907-41 
III .Drive 	 - Varibelt type VEU-GHT 
7:1 Speed variation belt 
4:1 Fixed Gear ratio 
1430/10,000 r.p.m. 
Generator 	- General Electric Company (USA) 
9 kW 	 4000/8000 r.p.m. 
208/120 V 	3-ph 
400/800-Hz Type CM-97 
Serial 220 2961 
Model 2 CM97B4 27.75 A 
0.9 Power Factor 
Forced Air Cooled 
Transformers - Bruce Peebles & Co. Ltd. 
8 kVA, 	 50-Hz 
200/283 V with taps for Scott 
'IT" connection to give 2-ph 
output. 
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The units of the power supply, as listed in Table 
5.1, are illustrated from right to left, in Figure 5.1. 
5.1.2 Cycloconverter and control circuit: Figure 5.2 
illustrates the cycloconverter and its control circuit, 
which was shown schematically in Figure 2.11. Power 
connections, and fuses, appear at the top of Figure 5.2. 
English Electric Type GSG fuses were used in the supply 
lines. The 24 separate thyristors ( mounted on heat sinks) 
are controlled by the trigger circuits in the centre of 
the figure. The lower shelf contains the 3-ph control 
oscillator, and the 10 V d.c. power supply to the control 
circuit. The control oscillator is a General Radio Company, 
Type 1305-A, low frequency oscillator. 
The action of the control circuit was explained in 
section 2.5. Its purpose is to supply a firing pulse to 
the gates of selected thyristors, which arepositively 
biased. The method of generating, and routing, these firing 
pulses, is described in detail in Appendix D. 
Figure 5.3 shows the firing circuit panel, with 24 
separate firing circuits. The three large transformers, 
at the top of the figure, couple the fundamental frequency 
control signal to the various firing circuits. This signal 
varies from 1 to 100-Hz. 
The aluminium panels in the upper left of the figure, 
support the output transistors in the gate pulse train 
oscillator. The pulse train is used to provide continual 
gate drive through the row of toroidal pulse transformers, 










Figure 5.1 	High-frequency power supply 
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Figure 5.3 	Firing control circuit for modified 
cycloconverter test. 
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The firing pulses from the pulse train oscillator, 
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Figure 5,4. These pulses are applied to the thyristor 
gates, as determined by the control circuit. Figure 5.5 
illustrates the gate current to a typical thyristor. The 
firing pulses shown in this figure (faint vertical lines) 
occur when the control signal is positive, and the thy-
ristor anode is positive. 
Once the thyristors are triggered, they are held 
in the conducting state, by the current through a holding 
current resistor network. Twelve, 30011, 30 W resistors 
are connected in parallel, with the 12 sets of motor coils 
in the winding. These resistors, which provide a path to 
keep the thyristor array conducting at light loads, are 
mounted on the back of the thyristor panel. 
Figure 5.6 illustrates the voltage on one resistor 
in this array.The small currents flowing affect the turn-
off of the array, and thce is some reverse current shown 
after each pulse. The waveform with higher current, 
resembles Figure 
Figure 5.7 illustrates the voltages on three 
resistors, one in each motor phase. The waveform results, 
given in this chapter, are taken on resistance loads, since 
they are uniform, and readily illustrate phase differences. 
5.1.3 The Test motor: The test motor is part of a 
Multiform Experimental Set, rated at 3 kW developed by 
	
Mawdsloys Ltd. ° 	The four pole stator has 48 slots, 
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connection panel. There are two identically spaced 24 
COil sections in the winding, one in the lower parts of 
the slots, and one section in the upper parts of the slots. 
The coils are short pitch (1-12, 3-14, 5-16, etc). 
Since there are only two ooil sides per slot, four spati-
ally identical winding sections are not available. One 
approximation to four identical windings is shown in 
Figure 5.8, where one set of coils provides one of the 
four poles. The sixteen coils of the Red phase, are 
shown in their respective slots. The four coils shown 
in each horizontal group are series connected to form one 
coil set; the connections are not illustrated. 	These 
groups are labelled L 1 , L2 , L3 , and L4 to refer to the 
inductors in the simulation model, Figure 3.3. These 
coils also can be considered as RA, 	RB, and  RB'  of 
Figure 2.11. 
The xn.m.f. pattern produced by the Red phase 
connection, is shown at the bottom of Figure 5.8. The 
teeth in the transition zones, would have a high proportion 
of ripple flux. Further data on the test motor are given 
in Appendix C. 
The temperature of the motor frame was measured, 
using a mercury-glass thermometer in well, in the top 
of the stator core. This thermometer can be seen in Figure 
5.9, and the connection panel of the motor winding is in 
the centre of this photograph. 
Upper slot coils fed by generator 
phase A, (L 1  or RA). 
Lower slot coils fed by generator 
phase A, (L 2 or Rd). 
Upper slot coils fed by generator 
phase B, (L 3 or R8 ). 
Lower slot coils fed by generator 
phase B, (L 4 or R ). 
MMF Spatial pattern in Red phase 
of test motor. 
Al 
Stator Slot Numbers 
48 	10 	20 	30 	40 











Figure 5.9 	Test motor and dynamometer. 
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5.1.4 Dynamometer: The dynamometer assembly is shown on 
the right side of Figure 5.9. The dynamometer consists of 
a swinging frame d.c. machine, restrained by a spring 
balance, connected to a 0.25 in lever arm. The dynamometer 
was loaded as a generator during the high speed tests. 
For the lower speeds, the dynamometer was connected as a 
d.c. shunt motor to produce counter torque. 
5.2 Test Procedures and Instrumentation 
5.2.1 Locked rotor tests: The rotor and frame of the d.c. 
machine were locked together by a pin, and the a.c. machine 
torque was read from the ring balance. Various input 
voltages and control frequencies were used. The control 
frequencies were set by the frequency generator in the 
control circuit. The input voltages were measured with 
Sangamo-Weston moving iron type meters (Model S-1031). 
5.2.2 No-load tests: The input power, power factor, 
voltage, and current were measured at various control 
frequencies, and the no-load speed was observed. The 
input power was measured in one supply phase with a Crompton-
Parkinson moving coil type watt-meter. The power factor 
angle was obtained by superimposing transformer output 
current and voltage traces on the oscilloscope, and, measur-
ing the displacement. This angle was verified against the 
watt-meter readings. 
The currents were measured with moving-iron type 
meters,. in the transformer output lines. The current 
waveforms were observed on the oscilloscope, by dis-
playing the voltage drop in a short thin section of lead 
wire. 
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The speed was measured by a voltmeter operating from 
a permanent magnet generator type tachometer. This tacho-
meter was checked against a hand held revolution counter. 
5.2.3 Torque-speed tests: The torque-speed characteristic 
was obtained at the higher speeds by gradually loading the 
dynamometer generator, and noting the input current, voltage, 
power, power factor, and frequency, as well as the motor 
speed and torque. The input frequency from the generator 
was measured on the oscilloscope. These points were rela-
tively stable, and easy to obtain. 
The torques at lower speeds were less accurate, since 
they were taken with the motor accelerating slowly against 
a rising load. 
5.2.4 Accuracy of instrumentation: The oscilloscope 
observations were repeatable within 57o. This means that 
frequency and power factor estimates fall within this error. 
The input currents, and voltages, are taken from meters with 
a rated accuracy of 1% of full scale, over a 25 to 500-Hz 
range. No systematic error was observed in tests up to 
1000-Hz, with the waves observed on a Tektronix Type 
535-A oscilloscope. This oscilloscope provided a cross-
check on all instrumentation. 
5.3 Results of motor tests 
5.3.1 Test Conditions: Preliminary tests made it appear 
that the motor operating parameters were n Dt sensitive to 
changes in generator frequency. To verify this, the 
generator frequency was varied from 400 to 1000-Hz, while 
the control frequency was varied from 3 to 60-Hz. The 
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change in control frequency did not affect the current 
drawn by the motor by more than 1097o. This result was 
predicted by the analogue simulation. 
The motor current appeared to be limited by the 
winding leakage reactances. The changes in motor current, 
with generator frequency, corresponded to the changes 
occuring in the leakage reactance, with generator 
frequency. 
After these generator frequency effects were 
cetermined, there was no further need for a frequency 
variation capability in the generator. The lower-Speed, 
lower-frequency outputs have lcwer voltage capability. 
Therefore, the upper rated frequency was chosen for the 
tests. 
At the upper rated frequency of 800-Hz, the power 
supply output voltage could be varied from 294 to 24 V, 
with rated current drawn. These results indicate that 
generator voltage control is plausible for a motor drive 
with a continuously variable speed range of 12:1. 
Generator voltage control, by field current variation, 
causes distortions in the waveform of the output voltage. 
At low voltage and high current, armature reaction signifi-
cantly distorts the flux pattern. One 32 fif capacitor was 
placed across each power supply output phase to restore the 
sinusoidal character of the output during the tests. Although 
these capacitors had no marked effect on the results, they 
simplified waveform viewing. 
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The leakage reactance, of the generator and trans-
former bank, increased the commutation spikes and overlap 
angles, slightly, during cycloconversion, but this could 
not be avoided. The temperature rise, observed in the 
motor frame was within its 50 C rating. 
5.3.2 Locked-rotor test results: These results are listed 
in Table 5.2, and experimental torque points for power supply 
voltages of 57 V and 115 V are plotted in Figure 5.10. The 
two curves shown are the torque values predicted by using 
the equivalent Circuit of Figure 4.9 and Table 4.2. The 
equivalent circuit results were adjusted by equating the 
torque predicted at 9% slip to zero. This adjustment is 
made, because, the modified cycloconverter under test could 
not commutate at lower slip values (i.e. with higher rotor 
resistance). A similar adjustment is made to the predicted 
results for the torque-speed tests. 
Below 3-Hz, the torque magnitudes dropped, because 
the control signal was so attenuated by the coupling 
transformers in the firing circuit, that the thyristors 
ceased to conduct. 
5.3.3 Torque-speed test results: The results of the torque-
speed tests are listed in Table 5.3, and plotted in Figure 
5.11. The curves in the figure represent the torque-speed 
characteristic, predicted by the techniques of section 
4.2.3 2 with constant generator voltage. 
The speed control system proposed envisions generator 
voltage adjustments, proportional to motor control frequency. 
However, as predicted ic section 4.2, the commutation losses., 
TABLE 5.2 











115 50 15 1.5 2600 
25 14 5.8 2500 
(V 	=77) 12.5 13 16 2400 
eq 
6.2 12.5 35 2300 
57 50 7.0 0.2 400 
25 7.1 1.0 400 
(V33) 12.5 7.3 3.5 400 
eq 
6.2 7.5 10. 400 
3.1 7.7 20. 400 
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Control Frequency, Hz 
Figure 5.10 Locked rotor torque-vs-frequency. 
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TABLE 5.3 
Torque-Speed Test Data 
(V 
gen 	 gen 
= 100 to 105 V, I 	= 12 to 13 A, f gen = 800-Hz) 
f Speed Torque Power Power Efficiency 
(input) (output) 
Hz r.p.m. n-rn watts watts 70 
50 1320 0.2 1600 30 2 
1190 1.2 1300 160 12 
1110 1.8 1300 200 15 
950 2.5 1300 240 18 
25 690 0 1800 0 0 
670 1.2 1700 90 5 
650 2.5 1600 170 11 
630 3.8 1500 250 17 
610 4.0 1400 320 23 
540 6.2 1400 350 25 
450 6.8 1400 320 23 
12.5 360 0 1600 0 0 
350 1.2 1600 50 3 
340 3.8 1600 130 3 
330 5.0 1600 170 11 
320 6.2 1600 210 13 
315 7.5 1600 250 16 
300 8.8 1600 270 17 
290 10.0 1600 300 19 
280 11.2 1600 I 	330 21 
270 12.6 1600 350 22 
260 13.8 1600 370 23 
255 15.0 1600 400 25 
200 15.8 1600 330 21 
n-tn 












Motor speed, rev/mm. 
Figure 5.11 	Torque-speed characteristics of motor with constant generator 
voltage. 
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in the test machine limited the effective excitation to 
one-quarter of  L.LLCL .L.LjU.LLLL (L) 	JLLU. 
rated torque. Therefore, rated torque is only produced at 
12.5-Hz in these tests. 
The predicted torque is slightly lower than that 
measured. This may be due to a variation in the natural 
commutation limit predicted. It was predicted that the 
circuit would fail to commutate for slips below 9%, when 
the control frequency was 50-Hz. At this frequency, the 
lowest slip recorded experimentally was 12%. 
A further reason for lack of agreement, between 
predicted and measured results, was the use of 800-Hz from 
the generator instead of 900-Hz, as used in setting the 
commutation limit. Finally, the choice of inductance 
reduction factors, in section 4.1.1.3, was made on the 
basis of expected pulse operation. The saturation effect 
may have been less than predicted. However, it was not 
deemed worthwhile to iterate the prediction, without more 
precise firing circuit control. 
5.3.4 Input parameters and losses: When the power supply 
was set to 105 V and 800-Hz, the cycloconverter circuit 
drew 13 A for motor control frequencies of 6.2 to 50-Hz, 
and motor shaft outputs up to 400 W. The power supply 
(generator) output current lagged the voltage by 51 + 
50, 
which gave an average power factor slightly above 0.6. 
The power factor results match the predictions of 
section 4.2, but the resulting currents are &t the lower 
extreme of the predicted range of currents (16 + 3 A - 55+5°). 
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This reduced current may be due to a lower coupling factor 
than that used in the analogue simulations. 
The power input varied from 1300 to 1800 W, as 
listed in Table 5.3. These variations in power consumption 
were accompanied by changes in the apparent power factor 
of the circuit such that, the current remained constant. 
The overall efficiency of the cycloconverter and 
motor, is tabulated in the final column of Table 5.3. 
The efficiencies shown are low, as would be predicted from 
the constant current characteristics of the circuit tested. 
The maximum efficiency recorded, 25%, was achieved at the 
maximum stable load. 
The 75% losses may be separated, using the methods 
of section 3.4. The friction and windage and stray load 
losses account for 3976, and the core loss for another 
7. The rotor copper loss is estimated to be 20% of the 
loss, and the stator copper loss, the remaining 45o. The 
high copper losses are due to the circulating currents in 
the coil sets, which produce no net flux. This result is 
described in the analogue waveforms of Figures 4.5 and 4.6. 
5.4 Results of tests on a sDecial transformer core 
A second verification of modified cycloconverter 
circuit operation was performed on a test transformer core. 
This test simulated the circuit of Figure 3.3, directly. 
5.4.1 Test conditions: Two C-cores of 0.0024 m 2 cross 
section were clamped together, with a 0.001 m gap provided 
by brass shims. The core was wound with a quadrifilar set 
of coils, each with an inductance of 1.2 mH and a resistance 
of 1.352. 
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A fifth coil was wound separately on the core, to 
mcniitoc the net flux and induced voltage. 
Initially, 50-Hz mains excitation was used to excite 
the coils, and the inputs and net core flux were measured. 
The flux was measured by integrating the voltage induced 
on the fifth coil, using a Type 0 operational amplifier 
on the Tektronix Type 535-A oscilloscope. 
Next, the modified cycloconverter was used to impress 
a 50-Hz square wave on the core, with the generator operating 
at 800-Hz. The input voltage, current, and power were again 
measured, after the voltage was adjusted to make the flux 
in the fifth coil equal to that produced in the 50-Hz 
mains excitation test. 
To eliminate power supply interaction, the circuit 
was fed from a potentiometer connection, with a high 
current passing through the main portion of the potentio-
meter. This arrangement eliminated the effects of the 
supply leakage inductance. 
5.4.2 transformer test results: Table 5.4 lists the 
parameters of the mains and cycloconverter excitation, 
required to produce equivalent flux levels in the test core. 
Commutation in the cycloconverter tests was natural, 
because of the low circuit inductance and small time 
constant. 
The average flux density used was 0.2 Wb/M 2  in 
both test situations, a density sufficiently low for linear 
analysis and superposition techniques to be valid. The 




TEST CORE RESULTS 
Calibration Test on 50-Hz Mains 
V. 	= in 5 V/coil 
I= 0.96 1-590 + 50 A coil 	- 	- 
P 	=1.35 coil 
L coil 
=1.2mH 
Input Power = n V I cos= (4)(5)(0.96)(0.5) = 9.6 W 
Copper loss = n 12 P 	= 4(0.96) 2 (1.35) 	= 5.0 
Core loss 	= Input Power - Copper Loss 	= 4.6 W 
Test on 50-Hz Cycloconverter Fundamental 
V. in = 8.3 V per two coils, 800-Hz 
I. in = 1.98 /0 A 	per two coils 
Input Power = 2 Virtlin cosO = 	2(8.3) (1.98) (1) =33.0 	w 
Thyristor Loss = 2 V thyr. I in  . = 	2(1)(1.98) = 4.0 
Copper Loss = 2 Ir12 	P = 	2(1.98) 2 (1.35) =10.6 
Core Loss 	= Input Power - Resistive Losses =18.4 	w 
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Cycloconverter excitation produced a voltage in the 
fifth coil, similar to that predicted for the rotor in the 
digital computer simulation, (see Figure 4.11h). The net 
flux approached a square waveform. 
The losses were increased in three ways on this test. 
The copper loss was 2.1 times normal, the core loss was 4 
times' normal, and the thyristor loss was added to the cir-
cuit. These losses fall within the theoretical limits 
established for this circuit in the next section, where it 
is shown that the square wave excitation contributed signhi-
cantly to the increased core loss. 
5.4.3 Analysis of results: In a balanced circuit, it is 
possible to establish theoretical limits on the effect on 
machine losses, due to modified cycloconverter excitation. 
These limits are discussed below. 
5.4.3.1 Copper loss: The fundamental of the six-step 
pulsed waveform from the modified cycloconverter, (shown 
in Figure 4.3a) is one-third of the peak value of the 
centre pulses. If I is chosen to represent the value of 
the fundamental, and n is the ratio of generator frequency 
to motor control frequency, the average copper loss is 
j
(11 	+ a (3I) 2 	R = 2 J2 R 	5.4.3.1(1) 
Therefore, in a test circuit with a high power factor, 
the copper loss would approach 225% of that with fundamental 
excitation only. 
125 
This factor can be taken into account in designing 
a motor winding for modified cycioconverter use, and the 
number of turns changed, to limit the relative copper loss 
to an acceptable value. 
5.4.3.2 Core loss: The test core described above, was 
magnetised by a square wave voltage. The harmonic content 
of a perfect square wave is listed in the first two columns 
of Table 5.5. The harmonics above the 23rd are too small 
to be significant. 
With the use of equations 3.4.3(4), the eddy current 
and hysteresis losses are tabulated, normalised to the 
fundamental. The 50.-Hz losses are taken to be 20%, due to 
eddy currents, and 80% to hysteresis, as shown by Langlois-
Berthelot...(& ) The total core loss predicted is 4.3 times 
normal. 
Table 5.5 also includes the harmonic content and 
losses of an ideal six-step wave. The losses with this 
form of excitation are 2.7 times normal. This figure 
represents the limiting magnitude on core loss in a high 
power factor circuit. The presence of inductance would 
tend to reduce the harmonic content and predicted losses. 
/ 
1 1.00 0.2 0.8 1.0 
3 0.33 0.2 J.3 0.5 
5 0.20 0.2 0.2 0.4 
7 0.14 0.2 0.1 0.3 
9 0.11 0.2 0.1 0.3 
ii 0.09 0.2 0.1 0.3 
13 0.08 0.2 0.1 0.3 
15 0.07 0.2 0.1 0.3 
17 0.06 0.2 0.1 0.3 
19 0.05 0.2 - 0.2 
21 0.05 0.2 - 0.2 
23 0.04 0.2 - 0.2 
Total core loss, normalized= 4.3 
(k = 1 to 23) 
1.00 0.2 0.8 1.0 
0.20 0.2 0.2 0 • 4 
0.13 0.2 0.1 0.3 
0.08 0.2 0.1 0.3 
0.06 '0.1 - 0.1 
005 0.1 - 0.1 
0.04 0.1 - 0.1 
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6.1 Electric power systems for off-highway vehicle 
propulsion 
An electric drive system for off-highway vehicles 
was proposed in Chapter 1. The electrical components of 
such a system (generator, converter and drive motor) were 
examined in the following chapters, with specific emphasis 
on the development of a suitable converter which could pro-
vide close control of wheel torque. The conclusions about 
these components follow. 
6.1.1 Generator: A high-frequency, high-speed alternator 
was proposed for this application, to be driven by a gas 
turbine. An 800-Hz, 10,000 r.p.m., 3-ph alternator, with 
variable voltage, was tested, and the results indicated that 
a 12:1 voltage variation is feasible. This range is suffi-
cient for traction requirements. 
The alternator output was transformed to 2-ph during 
the tests, because the 2-ph converter has superior com-
mutating characteristics, requires fewer thyristors, and 
allows for easy symmetry in the motor winding. This would 
indicate that a 2-ph alternator is preferable for this 
application. 
However, the system designer must balance the con-
verter design requirements with the alternator design re-
quirements. Two-phase machines have an inherently lower 
winding utilization factor than 3-ph machines, and must be 
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larger and heavier, for the same power output 	The 
choice of phase number, therefore, is a system choice, 
depending on a specific application. 
6.1.2 Cycloconverter: A converter, with 2-ph input and 
3-ph output, was chosen to connect the alternator and drive 
motor. The 3-ph output was preferable for maximum utili-
zation of an induction drive motor. 
The six-step waveform, produced by the 2-ph to 3-ph 
cycloconverter, had no third harmonic content. The 2-ph 
supply permitted separate excitation of each layer of a 
double-layer stator winding. The two coil layers provided 
opportunity for substantial phase-to-phase insulation of 
the supply. 
The full performance of the modified cycloconverter 
could not be tested, due to commutation difficulties intro-
duced by the control circuits. An improved control method 
is suggested in Appendix F. 
6.1.3 Motor: The motor tested had a non-optimum winding 
configuration for this application. However, its perfor-
mance could be predicted by the analytical techniques deve-
loped and no added losses were imposed by its variable fre-
quency duty. 
Due to control circuit and excitation limits, the 
motor was tested over a range of 3 to 50-Hz. However, a 
drive motor for this application is more attractive, if 
operated over a range of 40 to 500-Hz, with a consequent 
increase of speed. The reduction in magnetic circuit weight 
more than compensates for the weight of the reduction 
gearing to the wheel. 
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The motor configuration best suited for thyristor 
drives, may not be the same as that for mains power. High 
temperature insulation and thinner laminations may prove 
economic for this application. Auxiliary cooling is also 
likely to prove desirable. 
There is one special winding requirement in motors 
used with the modified cycloconverter. Four separate sets 
of coils with identical electrical characteristics are 
required in each motor winding. If this requirement is not 
met, increased commutating difficulties and higher core 
losses are likely. 
6.2 Techniques for analyzing cycloconverters 
6.2.1 Analogue simulation: Coupled circuit equations were 
wr±ten.describing the voltages and currents in one phase 
of a motor winding connected to a modified cycloconverter. 
These equations were solved on an analogue computer. 
Such analogue simulation is valuable in obtaining 
an impression of the circuit operation, and its variation 
with changes in the basic parameters. The solutions pro-
vided only approximate results, due to modelling diffi-
culties and computer limitations. 
6.2.1.1 Modelling difficulties with analogue computer: 
With an ordinary analogue computer solving circuit equations, 
it is difficult to simulate the operation of a thyristor 
in the circuit.(98)  Accurate thyristor simulation requires 
a logic which permits current in one direction, only, after 
a firing signal is received. Diodes may be used in the 
circuit, but their reverse leakage current introduces error. 
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Relays may provide this logic, but the simulation of 
each thyrstor w3uld require at least three relays, anct 
thr..ee amplifiers. 
This modelling difficulty can be surmounted with an 
hybrid computer, which has a logic capability coupled with 
an analogue computer. 
In the solutions reported, the circuit voltage pro-
vided by an optimum switching thyristor was simulated, but 
the uni-directional current capability of the thyristor 
was not simulated. 
6.2.1.2 Analogue computer limitations: The simulation of 
mutually coupled circuits with low damping (low resistance, 
high inductance) exaggerates any inaccuracies in one of 
the circuits. Compensating currents in the other circuits 
tend to increase the oscillation, and cause the solution 
to diverge. This characteristic was particularly harmful 
when the computer was used in a step-print mode. The 
slight drifts during the print-out were multiplied during 
the solution, such that, spurious harmonics were inserted 
into the printed data. 
An alternative to data collection with the step-
print facility is the direct use of an X-Y plotter. The 
maximum frequency permitted in the solution is limited by 
the frequency response of the plotter; the minimum fre-
quency in the solution is limited by the drift in the 
computer amplifiers. 
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A preferable method of data collection from the 
analogue comnlit2r is storage of the simulation data on 
magnetic tape in real time. This tape can be processed by 
an analogue to digital converter, and analyzed on a digital 
computer. 
6.2.2 Digital simulation: The use of the IBM Electronic 
Circuit Analysis Programme, to simulate the cycloconverter 
circuit, was a qualified success. The numerical methods 
used in this programme, were stretched by the inductive 
transients during the thyristor switching. In fact, it was 
necessary to insert reasonable approximations for switching 
currents into the solution at each step of the waveform. 
The solution, on a System 360/50 computer, required 15 
minutes of computer time to produce one cycle of the funda-
mental. During this run, the input data were modified six 
times. 
The processes of switching, commutation, and current 
reversal were examined with a small time scale in separate 
simulations. These simulations were valuable in setting 
the criteria for a redesign of the modified cycloconverter 
firing circuit. 
The authors of ECAP claim four figure accuracy in 
their computations. In this highly inductive simulation, 
such accuracy is not feasible. A target accuracy of one 
per cent of peak parameter values is more reasonable. 
6.2.3 Harmonic analysis of equivalent circuits: The 
harmonic analysis and loss predicting techniques were not 
tested rigorously by the motor test results. The losses 
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predicted, and occurring, were an unusually high percentage 
of the input power. 
The loss analysis techniques were useful in predicting 
the results from the test transformer core. In this situation, 
predictable commutation occurred, and the input data were, 
therefore, more reliable. No modifications are suggested 
in the loss analyses described earlier. 
The equivalent circuit method of predicting motor 
performance was tested and found valid for this cyclo-
converter circuit. It was verified that the effects of 
the higher harmonics can be ignored in predicting motor 
performance. 
(9 5 , 9 6) 
6.3 Suggestions for further development - 
The techniques, procedures, and equipment described 
above report one series of tests, which demonstrate the 
feasibility of the modified cycloconverter. Further work 
is required to modify the control circuit, to perform high 
accuracy tests on the system, and to refine the design 
criteria. Several suggestions for further work are des-
cribed in the following paragraphs. 
6.3.1 Improved generator control and instrumentation: 
The voltage control system on the test generator contained 
no feedback stabilization, and tended to drift or interact 
with the load. A single frequency generator, with a stabi-
lized output voltage, is preferable for future tests. 
The standard ammeters and voltmeters had satisfactory 
accuracy for the tests performed. However, the wattmeter 
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results were less accurate, and power factor measurements 
were affe.ted. A high frequency type wattmeter is recom- 
mended. 
(100,101) 
6.3.2 çycloconverter configuration changes: A 2-ph to 
3-ph cycloconverter was chosen which provided a six-step 
voltage wave containing no third harmonic. However, if 
square-wave voltages are impressed on a Y-connected winding, 
and the neutral is free, no third harmonic current will 
appear in the winding. The neutral point will oscillate 
about zero at the third harmonic frequency. 
A 3-ph to 3-ph cycloconverter is therefore suggested 
in Figure 6.1. This system would impress a square-wave 
voltage on the motor terminals. The neutral of the motor 
may be earthed, if the generator is allowed to float, and 
if there is only one drive-motor control signal. This 
system reduces the number of devices required, and permits 
common heat sinking of logic triacs. 
6.3.3 Control circuit modifications: The control circuit 
must be modified to accept low power factor loads. As in 
the practical cycloconverter, a blanking period must be 
provided to prevent failure of commutation. The general 
modifications suggested are described in Appendix F, and 
summarized below. 
An optimum thyristor state sensor for a control cir-
cuit has operated satisfactorily on steady state loads, but 
02) 
remains to be tested on transients.
(1 
	If this circuit 
proves to be too slow, recourse may be necessary to a phased 
increase in the firing angle to produce current reversal, 
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Generator 	 Generator 	 Generator 
Phase A Phase B Phase C 
ff 
Figure 6.1 	3-ph to 3-ph modified cycloconverter, 
showing nine sets of coils in the motor 
winding. 
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as in the classical cycloconverter. This would only be 
necessary n circuits with more than 5% leakage inductance. 
If the firing signal to the thyrjetor gates is con-
tinuous, the holding current resistors may be eliminated. 
Continuous gate drive for one-quarter of a generator cycle 
should be adequate, using a system proposed by Brown. t03) 
This system operates from a digital counter circuit, syn-
chroxized with the generator voltage. 
Modern, shorted-emitter thyristors are not damaged 
by gate drive when reverse-biased; therefore, anode voltage 
sensing transformers are not required in a synchronized 
firing circuit. 
6.3.4 Motor redesign and test: The 3-ph to 3-ph cyclo-
converter requires three similar motor windings. This would be 
most easily provided with tri-filar coils. Suitable insulation 
for a 50 to 600 V system is available for tri-filar co ils. ( J 104) 
The internal motor operation could be studied further 
by making use of stator and rotor search coils, and a wound 
rotor with external resistance. A spectrum analyzer, coupled 
to an integrator on the search coils, would provide a direct 
indication of the harmonic content of the core flux. The 
variable rotor resistance would permit more stable operation 
at the lower slips. 
For precise speed measurements, a photoelectric or 
magnetic transducer, operating a counter-timer, could 
provide a digital indication of motor speed. 
Improved torque-slip curves can be plotted directly 
with an X-Y plotter operating from a d.c. tachometer. (105) 
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This technique suggests differentiating the voltage, to 
provide a signal proportional to torque. A more direct 
result is achieved if the output of a torque transducer is 
plotted against the output of a tachometer. 
In all of these data collection cases, a process 
control computer such as a PDP-8, could be used to receive, 
store, and analyze the data. The above suggestions should 
enable the prediction and testing methods to be refined 
from the 5 to 105 accuracy obtained in the reported test 
results, to less than 1% error in overall characteristics. 
6.3.5 System optimization: When the control system is 
refined, and its transient performance tested, the proposed 
drive system can be tested and absolute performance levels 
established. At that time, the generator and motor confi-
gurations can be optimized for specific Off-highway pro-
pulsion applications. For optimization, a system simulation 
of the mechanical inertias and frictions, as well as the 
electrical parameters, would be helpful.(106_108) 
6.4 Alternative applications for the modified cyclo- 
6.4.1 Travelling magnetic fields for metallurgical 
applications: Alternating magnetic fields through molten 
metal produce currents which heat and stir the metal. Such 
stirrers are increasingly used to produce high quality, 
homogeneous iron alloys. (109) 
Useful stirring action along the surface of the 
refractory container, is best produced by motor action, in 
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the same manner as an induction motor. Any cycloconverter 
suitable for use with induction motors is applicable to 
magnetic stirrers. 
For large melts, stirring action is best produced 
by alternating fields below 16-Hz. These fields can be 
produced by a modified cycloconverter operating from a 
mains supply. 
Classical cycloconverters have been used for this 
application, but the modified cycloconverter is superior 
in two ways. First, in using zero angle firing, it does 
not introduce transients into the power supply. (i1o) 
Second, in frequency reductions of about 10:1, it draws 
current at a high power factor. Further, the power 
drawn from the supply is utilized fully in the load. This 
ability to supply its own reactive current is a significant 
advantage of the modified cycloconverter with loads, such 
as magnetic stirrers, which have inherent high inductanc, 
and low power factor. The method by which the modified 
cycloconverter provides reactive current to the load is 
explained in Appendix E. 
6.4.2 Industrial variable speed drives: Some steel mill 
applications, such as roil-out tables, require closely 
controlled, low speed drives. (27) Cycloconverters have 
been chosen recently for such usage. As mentioned above, 
modified cycloconverters compensate for low power factor 
loads, by substituting a variable amplitude, unity power 
factor demand on the power supply. The current amplitude 
variations which occur are similar to the effects of cycle 
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selection, now employed on controlled electric heating 
loads, to minimize their effects on the power system. (iii) 
The operation of the modified cycloconverter may 
require further control circuit development for high pre-
cision drives, although a 9:1 range is acceptable for most 
drives. () 
112) 
The present control circuit, and that proposed 
in Appendix F, cause slight hunting, because of the abrupt 
voltage transitions in the six-step wave. This character-
istic - is acceptable in traction drives, since the resonant 
frequency of the vehicle is too low to be affected. The 
transient response is of much more concern in an industrial 
drive, especially when off-load speed control is required. 
6.4.3 Linear induction traction systems: The linear 
induction motor has been proposed as a direct propulsion 
unit for a track-guided vehicle, (113-116)  and has been 
employed to launch airplanes in a short distance. h17) 
The modified cycloconverter could provide excitation 
for the linear induction drive, but the control circuit has 
not been designed for regenerative braking. Although 
regeneration into an on-board alternator is not desirable, 
modifications could be made to allow regeneration into a 
power grid. 
In its present design, the modified cycloconverter 
is particularly attractive for passive track systems, with 
a mobile armature circuit, excited from an on-board 
alternator. 
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A.l Firing angle and circulating currents 
The basic relations for cycloconverter operation 
arise from controlled rectifier theory. As shown in Figure 
4.8,P and N group thyristors are needed to form a reversible 
rectifier supplying a load terminal. Those which provide 
conventional current flow into the load terminal are called 
P group thyristors, and those which carry current from the 
load are called N group. The voltage provided by a parti-
cular group of thyristors may be any value or polarity up 
to the supply voltage to neutral, Vdo. The voltages from 
these groups are given by 
V =V cosa 
p 	do 	p' 
V  = Vd cos 
A.1(1) 
A.1(2) 
where a p = the delay in firing a P group thyristor and 
a  = the delay in firing an N group thyristor. In the 
average situation, these voltages are equal if a +cxN = 
Equal voltages are desired when an active load is being 
supplied, and the current direction is not known. 
Figure A.1 illustrates the voltage waveforms from 
the P group and the N group thyristors of a reversible 
rectifier. 	In this figure a = 450 and cc  = 135° , 
and the average voltages are equal. However, there are 
significant instantaneOus voltage differences between these 
two curves. These voltage differences cause a current to 
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Output voltage of N group 
Figure A.1 	Comparison of instantaneous output 
voltages from P and N group thyristors, 
after Bland. 
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circulate between the P group and N group thyristors. 
The maanitude of the circulatinc current is limited 
by the sub-transient reactance of the generator (system) 
and the inter-group reactance at the generator frequency 
(neglecting resistance) 	An inter-group reactor was 
illustrated in Figure 2.7. 
Van Eck
(118) 
 has shown that the maximum circulating 
current is 
Vpk  = cos - cm 	 P1 
A.l(3) 
where Vk = peak supply voltage 
X = subtransient generator reactance plus 
inter-group reactance 
p = number of supply phases 
A.2 Power factor of the cycloconverter 
Van Eck (118) defines the power factor,7' , of a 
converter as the ratio of total real power (kW) to total 
kVA which it requires from the supply. A distortion factor, 
x, is introduced to relate the r.,rn.s. value of the total 
current, I, to the r,m,s. value of the fundamental current, 
where 
I 
= .J_ 	 A.2(l) 
I 
Finally, the displacement factor, cos çb, is defined as the 
cosine of the angle between the sinusoidal supply voltage, 
and the fundamental of the supply current wave. The 
resulting power factor is 
X = LL cos 0, 	 A.2(2) 
1S5 
Since commutation cannot take place before v16 radians on 
the Supply wave, and is delayed from there periodically, 
X cannot exceed 0.843, in a 3-ph cycloconverter. If the 
load current is distorted or lagging, ?\ is less. (63,119 120 ) 
The equivalent circuit shown in Figure A.2 was 
chosen to determine the effects of the circuit components 
on the generating power factor of the modified cyclo-
converter. The inductances, L1 to L4 , are supply induct-
ances which include the subtransient inductance of the 
generator, the inductance of the transmission system and 
the non-mutual inductance of the four winding parts of the 
motor. 
The motor inductance L&1, denotes that inductance 
which is mutually coupled among the windings, but not with 
the rotor circuit. 
Table A.l lists the ECAP input description of the 
drive system operating near full load. Various values of 
supply inductance were simulated, such that L + L 	10 mH. 
The results of this simulation indicate that the 
supply (leakage), inductance is the major determinant of 
the power factor of the modified cycloconverter. Increasing 
supply inductance tends to decrease the distortion and to 
increase the displacement of the current from the generator. 
In the simulation of Figure A.2, the distortion factor, 
t, ranged from 0.67 with no supply inductance, to 1.0 when 
the supply reactance approached the value of the Thevenin 




Figure A.2 Equivalent circuit for power factor analysis. 
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El 	SIN(.00116),14.14,0 1 0 
E2 SIN(.00),16),14.1.4,.C,.Oc058 
E3 	SIN(.00116),14.14,0,.00029 
E4 STN(.00116) ,14.14,Q,.O(i087 
65 	N(110),R=100 	) 
86 N12,O),R=1,00 ) Transient suppressor, not illustrated 
87 	N(3,0),R=100 	) 
88 N(4,0),R=100 ) 
89 	NC 1,5) ,R=( 1.8,1E5) 
610 N( 2,5) ,R= (1.8, 1E5) 
811 	N(3 1 5) ,R=(].3,1E5) 












PR I NT ,VOLTAGES,CURRENTS 
EXECUTE 
Table A.1 	ECAF Programme Listing (re Figure A.2). 
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The approximate displacement and distortion factors 
are listed in Table A.2, along  with the resulting power 
factor. 
TABLE A.2 
Power factor of modified cycloconverter, 
supplying test motor near full load 
Supply Distortion Displacement Power 
Inductance Factor, Factor, Factor, 
(% of magnetising cos 
circuit 
inductance) 
0.05 0.7 1.0 0.7 
0.5 0.8 1.0 0.8 
2.5 0.9 0.8 0.7 
5.0 1.0 0.6 0.6 
A.3 Voltage relations in cycloconver -ters 
The cycloconverter output voltage, V, is lower than 
its input, Vdo. The relation is given by 




where p is the number of supply phases and a is the minimum 
firing angle during cycloconversion. Cos a is the function 
describing the average output voltage of the cycloconverter. 
For a 3-ph system, with minimum firing delay (a = o), the 
average output voltage cannot exceed 82.75 7o of the input 
voltage.(424) 
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The output voltage of the modified cycloconverter 
depends on the circuit inductances and coupling coefficients. 
The limits on voltage may be seen by examining the ripple 
on the output voltage, during rectification. 
The maximum ripple on the 2-ph cycloconverter out-
put would occur when there is no coupling between the supply 
phases, and the currents flowing are sinusoidal. The out-
put voltage is of the form 
V 	= 	2 [(1 +) 	(' - 1) sin 4c1 	
A.3(2) 
The ripple at four times the generator frequency is 13.25 
r.m.s. The maximum output voltage, V 0 , equals 120% of 
the input voltage, Vdo.  However, this voltage is not 
attainable, since the modified cycloconverter requires 
mutual coupling to commutate. 
The minimum ripple condition is produced when there 
is high circuit inductance, which eliminates the fourth 
harmonic ripple. In this case, the output voltage i9 
limited by the same relations found in conventional cyclo-
converters. 
The achievable output voltage, V, of the modified 
cycloconverter lies between the bounds set above (82.7 to 
12097o of V do ). In the test motor simulations, the effective 




ANALOGUE COMPUTER SIMULATION OF MODIFIED CYCLOCONVERTER 
B.1 Objectives of simulation 
The mathematical analysis of an inverter or cyclo-
converter circuit is complicated by the non-linear charac-
teristics of the silicon controlled rectifier type of 
thyristor. Takeuchi121_124)  has developed an analytical 
treatment of the SCR suitable for passive circuits, but 
empirical approximations are required for analysis of 
active circuits. The analogue computer offers a method 
of simulating active circuits with non-linear voltages, 
by the use of controlled relays. An analogue approach is, 
therefore, taken to describe the operation of the modified 
cycloconverter. 
The procedure is to solve the equations describing 
the currents in the cycloconverter, as a function of time. 
The instantaneous results are printed at equal time 
i 
 incre- 
ments, and a Fourier analysis s performed( 125) 	determine 
the harmonic content of these currents. The general 
objectives of this simulation are explained in section 4.1. 
B.2.1 Description of computer simulation circuit 
The simulation was performed on a Solartron Type 247 
analogue computer. This computer has 24 amplifiers; sixteen 
of which can be used as summers or integrators, and eight 
which can be used as summers or relay controls. 
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The general equations of the simulation were listed 
as 3.2.3(5-8). These equations were solved with the peak 
value of e1 = e, = e 3 = e 4 = 10 V, and with K 12 = 0. 95, 
K 13 = 0.80, and L 11 = 70 mH. The equations are listed 
below with r 1 /L 11 = 9. 
A time scale factor of 100 is used to reduce the 
generator frequency from 900-Hz to 9-Hz. This has the 
effect of multiplying all derivatives by 100. 
P'i =o.05 1 -0.09. i l -0.95pi 2 -0.80pt 3 -0.80pi 4 B.2.1(1) 
P12 =0.05 e 2 -0.09 i 2 -0.95pi 1 -0.80pi 3 -0.80pi 4 8.2.1(2) 
Pi3 =0.05 e 3 -0.09 i 3 -O.80pi 1 -O.80pi 2 -0.95pi 4 B.2.1(3) 
pi 4 =0.05 e 4 -0.09 i 4 -0.80pi 1 -0.80pi 2 -0.95pi 3 8.2.1(4) 
The block diagram for the analogue solution is given 
in Figure B.l. The potentiometer settings are listed on 
the figure. Initial condition potentiometers are shown 
on an integrator if the initial condition is not equal to 
zero. 
B.2.2 Voltage generator and cycloconverter simulator 
The 2-ph generator output is simulated by the sine 
and cosine generator shown in Figure 8.2. This figure 
represents the solution to the equation 
p2 x =-kx 
	 B.2.2(1) 
The frequency is set by the gain around the loop. For 
a frequency of 9-Hz, W 2 = 3200. A potentiometer is set 
.05 e 1 
-.95 P1 
-.80 13 
- cr 	-i - 
I4 
--.09 i 1 




-.09 i 2 
ibi 
.05 e 3 
-.80 Pu 1 
-.80 Pi  
-.95 pi 4 
-.09 i 3 
.05 e 4 
-.80 pi 
-.80 Pi  
-.95 13 
-.09 i 4 
Figure B.1 	Block diagram for coupled circuit 
simulation (c.f. Figure 4.4). 
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Figure B.2 Voltage generator and cycloconverter switching 
simulator. 
N.B. Resistors shown are 10 kS2 4 	W 
Diodes shown are 1S923 
e1 = +(V 1 + VI') ' 	e 3 = +(v 3 + V 3') 
.e2 = -(V 2 + V 29 e 4 = -(V 4 + \1 49 
R x  = 0.838 to provide -0.5 A cos wt, when loaded. 
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on the input,A, such that the voltage out is 55vo of the peak 
voltage, as required by equations B.2.1(1-4).  A second 
potentiometer on each output reduces the voltage to 2.5% 
of Vpk to provide the half-amplitude portions of the six-
step waveform. Because of circuit loading, this potentio-
meter setting is 0.838 instead of the theoretical 50% 
value. 
The 2-ph outputs of the generator simulator are 
taken to the cycloconverter simulator through two series 
double-pole, double-throw controlled relays. 
These relays are driven by a control frequency 
generator shown in Figure B.3. This 0.5-Hz generator 
drives one relay which reverses the polarity of the waves 
periodically (B3) and one relay which controls the six-
step waveform (C3). The control frequency generator is 
similar to that of Figure B.2, except that W 2 = 9.9. 
The maximum drive voltage is chosen to control the relays, 
without exceeding the 100 V limit of the computer. 
The output of the relays is connected to the cyclo-
converter simulator. The cycloconverter thyristor operation 
is simulated by diodes and series resistors. The voltage 
across two diodes, e.g. V 1 + V 1 1 , becomes the input voltage 
to one simulated coil set of the circuit simulator. Figure 
4.3a illustrated one of the input voltages from this 
simulation. 
B.2.3 Flux-vs-time simulator 
Figure 8.4 illustrates the current summer and the 





Figure B.3 Control frequency generator and relay 
drives. 
+ 100 V 
t 
Figure B4 Current summation and time base units. 
I _,..1 
additive, because the voltage simulations for V 2 and V 4 
were reverse polarity. The results were taken with N/R = 1, 
to enable comparison of the sum with the individual currents. 
The total simulation required 24 amplifiers. 
B.3 Analysis of results 
A number of configurations were plotted on the pen-
recorder to determine the sensitivity of the simulation to 
the input parameters. The results were affected directly 
by changes in input voltage or circuit resistance, but only 
slightly by changes in coupling coefficients. 
Figure 8.5 illustrates the waveforms with high 
coupling within one-half of the winding (K 12 = 0.95), but 
no coupling between halves of the winding (K 13 = 0). This 
extreme case shows little significant change from the wave-
forms illustrated in Chapter Four. It was, therefore, 
decided to choose a representative case where high, but 
slightly different, coupling coefficients were used through-
out the winding. All further data were acquired with K 12 = 
0.95 and K13= 0.80. 
The next step in the procedure was to print out 
instantaneus values of the analogue solution as illustrated 
in Table B.3, in section B.3.2. These data points were 




The results of harmonic analysis of the voltage 
applied to one set of coils are listed in Table B.l. 
Several different forms of the voltage wave are listed 






(i 1 +i) 
Curve B.5d 
(i. 1 +j 2 ) 










.. of Coil 
Currents 
(5 A/in) 
Figure B.5 Current and voltage solutions from analogue computer, 
K 12 = 0.95, K 13 = 0, r 1 /L 11 = 9 
(T4r r -i ,- n 1- 1 	'-M 1 	- 	- I 	', ri . 
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TABLE B.1 






























1 100 	% 100 	% 100 	% 100 70 100 % 
2 8 11 0 0 0 
3 8 5 5 0 33 
4 11 8 5 0 0 
5 13 16 23 20 20 
6 10 5 7 0 0 
7 13 18 18 14 14 
8 5 11 0 0 0 
9 5 5 0 0 11 
10 10 19 4 0 0 
11 0 10 19 9 9 
12 16 6 17 0 0 
13 7 17 13 7 7 
14 22 17 9 0 0 
15 2 10 4 0 6 
16 120 45 33 0 0 
17 2 15 77 6 6 
18 20 107 37 0 0 
19 7 28 12 5 5 
20 11 14. 7 0 0 
21 2 11 0 0 4 
22 5 23 7 0 0 
23 0 5 0 4 4 
24 3 13 7 0 0 
25 8 7 - - 3 
26 3 7 - - 0 
27 7 12 - - 3 
28 5 8 - - 0 
29 3 8 6 - - 
30 0 6 4 - - 
31 43 5 - - - 
32 3 15 - - - 
TABLE B.1 (Continued) 






























33 41 14 4 - - 
34 5 7 8 - - 
35 3 28 - - - 
36 5 18 5 - - 
37 5 16 - - - 
38 3 2 4 - - 
39 3 15 - - - 
40 - 4 - - - 
41 3 12 - - - 
42 3 - 4 - - 
43 - 3 4 - - 
44 3 - - - - 
45 0 - - - - 
46 0 3 - - - 
47 - - - - - 
48 - 4 - - - 
49 - - - - - 
50 - - - - - 
51 - - - - - 
52 - - 5 - - 
53 - 6 - - - 
54 0 - - - - 
55 - - - - - 
56 - 3 - - - 
57 0 - - - - 
58 0 - - - - 
59 3 4 - - - 
60 0 4 - - - 
61 3 - - - - 
62 3 6 - - - 
63 16 3 - - - 
64 3 4 5 - - 
N.B. Values between 0 and 3 are replaced by a (-). 
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these comparisons, such that harmonic amplitudes are only 
roughly comparable for specific harmonic. numbers. 
The seocind column lists the harmonic content of the 
ideal waveform, made of half-sinusoidal pulses in a six-
step envelope. The third column lists the harmonics in 
the data as printed out by the analogue computer. The 
harmonic content of the scaled pen-recorded results in 
column four is reduced by the limited frequency response 
of the recorder. Columns five and six illustrate the 
harmonics introduced by the six-step and square wave 
envelopes. 
The following sections analyze the simulated 
currents as function of circuit resistance. 
8.3.1 High reactance circuit, r1/L 11 = 9 
The waveforms of this simulation were given in 
Figure 4.5. Table 8.2 lists the harmonic analysis of the 
individual and total coil currents. Again, printed and 
pen-recorded data are compared, along with results from 
an ECAP simulation, The analogue results for individual 
coil currents agree, but not for total current. Apparently, 
the summation process during print-out allowed drift, such 
that extra harmonics were inserted in the Ii data. 
The ECAP data for individual coil current assume 
optimum commutation, and, therefore, are not comparable 
with the analogue data. 
B.3..2 Medium reactance circuit r/L= 90 
The waveforms resulting from this simulation were 
given in Figure 4.6. 
TABLE B.2 
Harmonic analysis of simulated currents, 
r 1 /L 11 = . 09 










Number Pen- Print- 









Current current current current Hz 
±3 13 i3 i ai 
1 100% 100% 100% 100% 100970 100% 50 
2 19 19 12 8 2 4 100 
3 11 16 16 4 5 2 150 
4 7 6 16 3 3 2 200 
5 4 6 8 6 3 5 250 
6 4 3 8 5 1 1 300 
7 6 2 8 5 3 2 350 
8 6 6 8 6 - - 400 
9 2 6 12 1 - - 453 
3.') 4 2 20 8 - - 500 
11 1 2 16 4 1 550 
12 1 3 12 1 - - 600 
13 4 3 16 6 - - 650 
14 6 5 16 6 - - 700 
15 4 6 32 4 - - 750 
16 13 5 52 15 - - 800 
17 6 17 116 6 3 - 850 
18 35 9 88 32 - - 900 
19 7 6 52 6 - - 95') 
20 	1 4 2 52 8 - - 1300 
28 4 - - 1050 
22 8 - 20 8 - - 1100 
23 - - 12 - - - 1150 
24 - - 12 •6 - - 1200 
0 
TABLE B.2 (Continued) 
25 - - 12 - - 
- 1253 
26 - 
- 12 - - 
- 1300 
27 - 
- 8 - - 
- 1350 
28 - 
- 8 3 - 
- 1400 
29 - - 8 - - 
- 1450 
30 - 8 - - 
- 1500 
31 - 
- 8 - - 
- 1550 
32 - 
- 8 - - 
- 1600 
33 - - - - - 
- 1650 
34 - - - - - 
- 1700 
35 7 - 12 - - 
- 1750 
36 - - 12 - - 
- 1800 
37 3 - - - - 
- 1850 
38 - 
- 8 - - 
- 1900 
39 6 - - - - 
- 1950 
43 - - 4 - - 
- 2000 
41 3 - 8 - 
- 2050 
42 - - - - - 
- 2100 
43 - - - - - 
- 2150 
44 - - 	 S - - - 
- 2200 
- - - - - 
- 2250 
46 - - - - - 
- 2300 
'17 - - 4 - - 
- 2350 
- - - - - 
- 2430 
,1 9 
- - - - - 
- 2450 
50 - - 4 - - 
- 2500 
51 4 - - - - 
- 2550 
52 4 - - - - 
- 2630 
53 20 - - - - 
- 2653 
54 32 - - - - 
- 2700 
55 12 - - - - 
- 2750 
56 - - - - - 
- 2800 
57 - - - - - 
- 2850 
58 - - - - - 
- 2900 
59 - - - - - 
- 2950 
31) - - - - - 
- 3000 
31 - - - - - 
- 3050 
52 - - - - - 
- 3100 
53 - - - - - 
- 3150 
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Table B.3 gives a sample of the analogue print-out 
for this simulation. The time increments in this data 
were analyzed for scatter. The interval variation was 
such that o- = 8% of the average incremnt; enough to 
introduce small, higher harmonics into the data. This 
scatter is caused by erratic operation of the computer 
timer. 
B.3.3 Low reactance circuit, r i /L 11 = 219 
Figure 3.6 illustrates the effect of load on the 
current waeforms. With higher power factor operation, 
the harmonic content of the currents is increased. 
B.3.4 Loss analyses 
The procedure for analysis of losses was described 
in section 3.4. Core losses are predicted by 
00 
W = B 2 	kf1)2(t2k) + (kfl)khj 	8.3.4(1) 
where t2k 	
h e and kare chosen such that the fundamental core 
loss is that from sinusoidal excitation alone, with 22% due 
to eddy currents and 789 7o due to hysteresis. Table 3.4 lists 
the core loss predictions when r1/L1 1 = 9. The harmonic 
analysis of Zi is taken from the fifth column of Table B.2 
(Analogue Print-Out of total current) and used as B  in 
M. 
column five of this table. (Lesser harmonic content is 
predicted by the other data.) 
The resulting core loss prediction of 2190 W assumes 
that full magnetisation (lWb/m 2 ) is achieved, whereas only 
23% of the current required for full magnetisation is 
achieved. Therefore the core loss predicted is 120 W 
from these data. 
Table 8.3 Sample of analogue computer data 
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11 + 	/2 
-4-0.11.26 +0.03.15 -0,0159 
+o.j.i.6i +0.001.2 +0.0024 
+0.1201 -0.0007 -0.0037 
+0.1.235 +0.01.01. -0.01.20 
+0.3266 +0.0066 -0.0015 
-4-0.1.303 -0.0007 +0,0089 









1 + 	/2 
K 12 = 0.95 	r,/L,, = 90 
K 23 = 0.80 	 1 = XlO 
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Sum of Coil 
Currents 
(5 A/in) 
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Figure 8.6 	C'.'rrent and voltage solutions from analogue couputer. 
TABLE B.4 
Core loss predictions for r 1 /L 1 = 9 
(f 1 = 50-Hz, k = 2.3, t 2 	=0.013) 
k kf 1 (kf)2 
8nik (Bk) 2 (kf 1 )(B) 2 k 11 (kf 1 ) 2 (B) 2 (t 2 k W 
0 0 (1000) (W/m 2 ) 0 0 
1 50 2.5 1 1 120 30 150 
2 100 10 0.08 0.006 1 0 
3 150 22 0.04 0.002 1 0 - 
4 200 40 0.03 0.001 0 0 - 
5 250 62 0.06 0.004 2 0 - 
6 300 90 0.05 0.002 1 0 - 
7 350 120 0.05 0.002 1 0 - 
8 400 160 0.06 0.004 4 0 - 
9 450 200 0.01 0.0001 0 0 - 
10 500 250 0.08 0.006 7 20 30 
11 550 300 0.04 0.002 2 10 10 
12 600 360 0.01 0. 0001 0 0 - 
13 650 420 0.06 0.004 6 20 30 
14 700 490 0.06 0.004 6 30 40 
15 750 560 004 0.002 3 10 10 
16 800 640 0.15 0.022 40 180 220 
17 850 720 0 .06 0.004 8 40 50 
18 900 810 0.32 0.100 210 1050 1260 
19 950 900 0.06 0.004 9 50 60 
1000 1000 0.08 0.006 14 80 90 
21 1050 1100 0.04 0.002 0 30 30 
22 1100 1200 0 .08 0.006 15 90 100 
23 1150 1300 0.01 0.0001 0 0 - 
24 1200 1400 0.06 0.004 11 70 80 
25 1250 1500 0.01 0.0001 0 0 - 
26 1300 1700 0 0 0 0 - 	 H 
27 1350 1800 0.01 0.0001 0 0 - 	 Ui 
28 1400 2000 0.03 0.001 3 30 30 
29 1450 2100 0 0 0 0 
1500 
-I 
2200 0 0 0 
- - 
0 
- - - 
- 
- - -- 	 - - 
The stator copper losses are predicted by taking 
the square of the r.m.s. value of the predicted stator 
current waveform, and multiplying it by the coil set 
resistance and the number of sets of coils [Equation 
3.4.1(l).1 The predictions vary markedly, depending on 
which of the harmonic analyses of current are chosen from 
Table B.2. Using the analogue print-out data, a value of 




TEST MOTOR PARAMETERS 
C.l Motor specification and winding connection 
The test motor was part of a Mawdsley. Multiform 
Experimental Set. (90)  The specificat - ons of the motor are 
listed in Table C.l. 
The winding Consists of two identical layers of 24 
Coils. These are identified in Figure 0.1 as "Upper Layer" 
and "Bottom Layer". This figure illustrates the coil 
connections and the configuration of the thyristors of the 
modified cycloconverter. The operation of this circuit 
was explained in section 2.5. 
The number beside each coil indicates the slot 
number containing that coil side. Figure 5.8 illustrated 
the position of the 16 coils in the R-phase of the motor. 
Two poles are fed by each phase of the supply. 
TABLE C.1 
SPECIFICATIONS OF EXPERIMENTAL MACHINE o) 
Stator No.2 (Two-tier, single layer lap winding) 
Phase voltage - 230/250 V 
Coils - 48 coils in 48 slots 
Turns - 31 turns per coil, 62 conductors per slot 
Conductors - 0.044 in. diameter copper 
L.M.T. - 29 in. 
Pitch of coils - 1 - 12 
Resistance - 0.46 2 per coil at 60 C 
Leakage reactance - 3.6 & for 4-pole connection 
Core size - 6 in. I.D., 11 in. 0.D., 4 in. long 
Rotor No.3 (Welded bar, squirrel cage windin 
Bars - 60 copper bars, 0.10 in. x 0.25 in. x 5.25 in. 
End ring - copper, 1.0 in. x 0.375 in. 
Resistance - 2.1 S per phase, referred to stator at 60 C 
Leakage reactance - 2.03 2 per phase, referred to 4-pole 
stator 
Air gap - 0.015 in. 












































I- i1C. 	 1 .i. 1(JW VIII. 	 ID1U 	tllci. 
Coils in Coils in 	 Coils in 
Motor 	 Motor Motor 
Figure C.l 	Motor coil connections for modified 
cycloconverter test. 
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C..2 No-load test data and core loss calculations 
Typical no-load test data are: 
VL = 	240 7 - P 	= 350 W 
IL = 	4.1 A N 	= 1495 r.p.m. 
Neglecting the rotor current the magnetising current 
would be 2.4 A per phase. Taking into account the stator 
resistance and leakage reactance listed in Table C.1, the 
magnetising voltage is 230 V, and the magnetising reactance, 
98 S. 
At this speed, the rotor slip is 0.003, and the power 
factor, cos 0 = 0.2. 
The core loss is estimated from manufacturers data 
and machine dimensions in Table C.2. Typical flux densities 
are assumed at 0.8 Wb/m 2 in the back iron and 1.3 Wb/m 2 
in the stator and rotor teeth, giving an averaged 1.0 Wb/m 2 
throughout the core. The B-H curve for this machine was 
given in Figure 4.2. The core is made of low-loss, 0.0181n. 
thick electrical sheet steel. 
The flux densities, assumed above, can be predicted 
from the winding simulation procedures, using equation 
3.2.3(9). The air gap flux density in given by 
4 
C I O 	C 1 N 
Bk = A L, 	 C.2(1) 
n=1 
where 
C 1 = phase summation constant, 1.5 
= peak flux in air gap 
A = surface area of one pole, of 4-pole confi-
guration, 0.012m2 
TABLE C .  ') 


















Back iron 170 0.8 0.20 30 
Transition 
- 1.0 0.31 - 
zone 
Teeth 90 1.3 0.51 50 
Edges - 1.5 0.74 - 
Rotor: 
Back iron 150 0.8 0.20 30 
Teeth 80 1.3 0.51 40 
Totals and 
490 1.0 0.30 150 
averages 
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-  K 	"airgap 
+ 
'iron 	 of  
per pole. 
N = effective turns per phase, per pole = 31 
i = n 
	
	peak of fundamental of magnetising current in 
coil n 
1 = length of flux path, meters 
The reluctance of the flux path per pole is 
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1 	1. 
R 	ag + iron LA 
0 	 r a iron 
= 	4x10 4 




(2600) (4 - x 10 - )(4.3 x10- 3 ) 
P = 2.7 x 10 4 + 1.7 x 104 	4.4 x 10' A-T Wb 
The airgap flux density predicted in the test 
configuration for r j /L jj = 9 will be 
Bpk 	
(1.5)(31) (6.2) 	0.55 Wb/m 2 	C.2(3) 
0.0, 12) (4.4 x 10) 
If the flux per pole is assumed to be sinusoidally 
distributed in time and position, with Bk as above, the 
r.m.s. density would be 0.28 Wb/m 2 . 
C.3 Rotor copper loss 
The rotor copper loss is affected by the frequency 
dependence of rotor resistance. Figure C.2 illustrates the 
variation, with frequency, of the referred rotor resistance 
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TEST CONTROL CIRCUIT OPERATION 
D.l Introduction to control circuit 
The control circuit performs A simple AND-gate 
function. If the control reference says a particular 
thyristor is desired on, and if the anode of that thyristor 
is positive with respect to its cathode, then a firing 
pulse is transmitted to the thyristor gate. 
These four items (control reference, anode voltage 
sensor, gate, and pulse generator) are explained below. 
The entire control circuit is shown diagramatically in 
Figure D.1, and pictorially in Figure 5.3. 
D.2 Control frequency oscillator 
A three-phase oscillator is used for the control 
reference. The logic used is that when the Red phase 
output voltage of the oscillator is positive, the Red phase 
coils in the motor should be carrying positive current. 
When the oscil'mto:c signal goes negative, a thyristor 
should be cut on which conducts current through the coil 
in the negative direction. 
Figure D.2 illustrates this oscillator with the red 
phase output shown connected to an isolation transformer 
with two output windings. These two output windings are 
cross-connected to the bases of two transistors. Therefore, 
one transistor is switched on when the oscillator output 
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Coupling 	Circuits 













(24 off ,  
Figure D.1 Control circuit block diagram. 














Figure D.2 	Reference 3-ph control circuit. 
(Transformer T 1 is a rewound audio output 
transformer core, Ferranti Type OPM-2, 
wound 1:1:1 with 500 turns of No.38 
wire; three are required) 
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These transistors form part of the trigger circuitry 
explained later. 
D.3 Anode voltage sensor 
Figure D.3 is a diagram of the total trigger circuit, 
including the control reference transformer, T 1 . The trans-
former winding and switching transistor shown would be 
common to four trigger circuits. 
The next transistor in line, the 2N3704, forms the 
other half of the AND gate. Whenever the anode of the 
thyritor is positive, this transistor is driven "N through 
transformer T 2 . The current is limited in the transformer 
primary by a 3.3 k, 5 W resistor. 
Negative excursions of the transistor base are 
limited by diode D 1 , and transients by C 1 . 
D.4 Trigger circuit gate 
The AND-gate is formed above by two transistors in 
series. These two transistors feed the base of a C426 
transistor in the gate circuit of the thyristor. Current 
in the base of this transistor permits a pulse train to be 
transmitted via an isolating pulse transformer (T 3 ), to the 
gate of the thyristor. Diodes in this circuit prevent 
reverse gate pulses during flux restoration or collapse in 
the transformer. The trigger pulses from this gate are 
shown in Figure 5.5. 
D.5 Gate pulse generator (oscillator) 
Since an isolating transformer is used between the 
trigger circuit and the thyristor gate, a pulse train is 
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Figure D.3 Thyristor trigger circuit, including anode voltage 
sensor (24 required) 
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T 3 	= S.T.C. Ferrite Core Type CR-071-24C/A, 
Wound 1:1 with 30 turns of No.28 wire. 
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circuit 
Figure D.4 Gate pulse train oscillator. 
necessary for trigoerina the thyristor. This is required 
in case the first pulse does not trigger the thyristor or, 
in case it gets turned off during its conduction period by 
a spurious transient. 
The circuit which provides the gate pulses is shown 
in Figure fl,4. Essentially, it is a relaxation oscillator 
triggered by a unijunction transistor. The oscillator is 
set by the RC combination to the -UJT emitter (20 kHz). 
The 2N619 transistor is a single stage amplifier to drive 
the 0C23 into saturation to produce a gate pulse every time 
the UJT triggers. The output of this generator is shown 




EXPLANATION OF MODIFIED CYCLOCONVERTER OPERATION 
BASED ON DIGITAL COMPUTER SIMULATIONS 
E.1 Digital computer simulation techniques 
The digital computer employs numerical techniques 
to solve mathematical relations. In specific problem areas, 
such as electric circuits, several computer programmes have 
been written which require only a brief description of the 
circuit in order to predict the circuit operation. The 
mathematical techniques have been chosen and the input and 
output formats established, by the authors of the programme. 
ECAP 	is one such programme. Others are described by 
Zobrist. (i 30) 
E.l.l Electronic Circuit Analysis Programme 
The basic input format to ECAP describes the topology 
of the electric circuit being examined. The circuit is 
composed of branches which contain one impedance element 
(R 1 L 1 or C) each. Each branch may also contain a voltage 
source or a parallel current 6enerator. Transconductance 
between branches may also be specified. 
The basic solution technique involves solving the 
circuit nodal equations for the node voltages. The branch 
currents are determined from the voltage solution. 
From the input information, the computer assembles 
a connectivity matrix A, such that the transpose of this 
matrix A times all branch currents, i, represents the 
solution to the node equation 
A'i= 0  
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The branch voltages, e 1 , are related to the node 
voltages, e, by 
e 1 = A e 	 E.1 .1(2) 
and the impedance element voltage in each branch, e7 ,is 
related to the branch voltage, e 1 , and the branch voltage 
source, E, by 
E.1.1. (3) 
The branch current, i, is related to the element current, 
J 1 , and the parallel current source in the branch, I, by 
= J , - 	 E.1.1.(4) 
A general solution to Ohm' law is given by 
J 1 = Y  
where Y is the admittance. 
A solution for the node voltages, obtained from the 
above equations is 
= (A Y A)1 	(! 
	
E.1.1.(6) 
The derivation, above, is explained more fully in 
Appendix B of Jensen and Lieberman.
( 93) The numerical 
techniques for resistive impedances are accurate, since 
linear, non-time dependent characteristics are assumed. 
For reactive impedances, approximations are used. 
A capacitor is solved as if it were in a branch 
containing a series voltage, equal to the initial voltage 
on the branch, and a resistor, related to the initial current 
in the branch, its capacitance, and the rate of change of 
branch voltage. 	 - 
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An inductor is solved as if it were a branch con-
taining a high impedance and a parallel current source. 
The current source is an average between the initial current 
and that predicted at the end of the time increment from 
the derivatives of the node voltages. 
The last item to be discussed is the current switch. 
This function of ECAP allows the impedance of any branch 
to be switched between two specified values. The switch 
may be operated by the polarity of any branch voltage chosen 
as the control branch. 
The current switch was used on a resistive branch 
to simulate the operation of the thyristor in the modified 
cycloconverter. Table A.1 listed a typical ECAP input with 
a rectifier simulated by the following two statements 
B9 	N(1,5), R = (1.8, 1E5) 
Si 	B = 9, (9), ON 
In these statements, branch 9 is specified as connecting 
node 1 and node 5 in the circuit with a resistor whose 
value is either 1.8 2 or 105 R. Switch 1 is operated by 
the polarity of branch 9 and controls branch 9, such that 
the impedance of the branch is 1.8 S to positive current 
flow and 10 5 & to negative current flow. 
The use of such a thyristor simulation and an 
inductor in series requires care. Both models have high 
resistances in the branches at some times, and this may 
yield spurious voltage excursions. In such cases, the 
resistance in the inductor or thyristor simulators may be 
changed empirically to average out the voltage excursions.. 
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E.1.2 Results of ECAP simulations 
Figures 4.10-12 illustrated the simulated operation 
of the modified firing circuit, as plotted from ECAP results. 
Table E.1 lists the harmonic analysis of ECAP results for 
a circuit comparable to that in the analogue simulation, 
using r 1 /L 11 = 9. 
E.2 Idealized operation of modified cycloconverter 
circuit 
A number of equivalent/configurations were simulated 
with various values of leakage and magnetising reactance. 
It was determined that stator leakage reactance reduced 
the circuit power factor as described in Appendix A. The 
leakage reactance did not affect the circuit operation if 
it did not exceed 597o of the magnetising reactance. 
To simplify the following explanations, leakage 
reactance is assumed to be zero in the circuits, and 
idealized waveforms are shown. 
E.2.1 Unity power factor load 
The connection of the modified cycloconverter using 
a 2-ph supply was illustrated in Figure 2.11. Phase A of 
the supply feeds six sets of coils, such that coil currents 
directed toward the neutral connection produce additive 
flux. 
The operation of this circuit with a hypothetical, 
unity power factor load is shown in Figure E.1. The six-
step envelopes represent the voltage applied to the coil 
sets, but the load is assumed to draw sinusoidal current, 
with stepped increments. 
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TABLE E.1 














(i 1 4-1 2 )- 
(i 3 +i 4 ) 
1 25 54 2 100 2 
2 3 1 - 4 -. 
3 4 - 1 2 - 
4 4 2 - 2 1 
5 2 - 2 5 - 
6 2 - 1 - 
7 2 2 2 2 
8 2 1 - - - 
9 3 - - - - 
10 5 - - - - 
11 4 
12 3 - - - - 
13 4 1 1 - - 
14 4 - 
15 8 
16 13  
17 29 - - - - 
18 22 - - - - 
19 13  
20 13 - - - - 
21 7 1 
22 5 - - - - 
23 3 
24 3 
25 3 1 2 - - 
26 3 - - - - 
27 2 - - - - 
28 2 - - - - 
29 2 1 1 - - 
30 2 - - - - 
31 2 1 2 - - 
32 2 - 1 - - 
33 1 - 1 - - 
34 1 1 1 - - 
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(13+1 4 ) 
35 3 5 10 - - 
36 3 2 5 - - 
37 - 7 14 - - 
38 2 1 2 - - 
39 - - 1 - - 
40 1 - 1 - - 
41 2 1 2 - - 
42 - 
- 1 - - 
43 - - 1 - - 
44 - - - - - 
45 - - - - - 
46 - - - - - 
47 1 - 1 - - 
48 - - - - - 
49 - - 1 - - 
50 1 - - - - 
51 1 - - - - 
52 1 - - - - 
53 5 - - - - 
54 8 - 1 - - 
55 3 - 1 - - 
56 - - 1 - - 
57 - - 1 - - 
58 - - - - - 
59 - - - - - 
60 - - - - - 
61 - - - - - 
62 - - - - - 
63 - - 1 - - 
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Figure E.1 	Idealized voltages and currents in modified 
cycloconverter operating at unity power factor, 
1 & load. 
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This figure is introduced to explain the operation 
of the entire coil array fed by phase A of the supply. 
Quarter-cycle square pulses of current are illustrated. 
The generator current varies slightly due to rounding off 
the values of the current steps. A similar pattern would 
exist for supply phase B currents, but displaced one-
quarter cycle. 
The values of the currents and their directions are 
listed in Table E.2. Positive currents flow toward the 
neutral connection, negative currents toward the back-
to-back thyristors. 
For instance, the first (red) six-step waveform 
is the voltage applied to the R and R' coils. At t = 0, 
the voltage becomes 5 V for 4 half-cycles of the generator, 
10 V for the next 4 half-cycles, etc. 
In response to this applied voltage, a current flows 
in the R and R 1 coils in the motor as described by the 
current pulses within the voltage envelope. 
The pulses shown by solid lines denote current 
flowing in the R coil, and the dotted pulse denotes 
current flowing in the R 1 
 
coil. Although the currents 
are oppositely directed, they produce additive flux. 
A similar procedure is followed to produce the Y and 
B waveforms of current and voltage. In this illustration, 
the currents and voltages are in phase and immediate 
current reversal is obtained, as required when the 
voltages change polarity. Note at the end of the Red 
phase half-cycle (which covers 12 generator half-cycles) 
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TABLE E.2 




I 1y 13 'B 'Gen 
1 + 1 0 0 -9 8 0 9 
2 - 0 4 -10 0 0 6 -10 
3 + 6 0 0 -10 4 0 10 
4 - 0 8 -9 0 0 1 -9 
5 + 9 0 0 -8 0 -1 9 
6 - 0 10 -6 0 -4 0 -10 
7 + 10 0 0 -4 0 -6 10 
8 - 0 9 -1 0 -8 0 -9 
9 + 8 0 1 0 0 -9 9 
10 - 0 6 0 4-10 0 -10 
11 + 4 0 6 0 0 -10 10 
12 - 0 1 0 8 -9 0 -9 
13 + 0 -1 9 0 0 -8 9 
14 - -4 0 0 10 -6 0 -10 
15 + 0 -6 10 0 0 -4 10 
16 - -8 0 0 9 -1 0 -9 
17 + 0 -9 8 0 1 0 9 
18 - -10 0 0 6 0 4 -10 
19 + 0 -10 4 0 6 0 10 
20 - -9 0 0 1 0 8 -9 
21 + 0 -8 0 -1 9 0 9 
22 - -6 0 -4 0 0 10 -10 
23 + 0 -4 0 -6 10 0 10 
24 - -1 0 -8 0 0 9 -9 
25 + 11 0 0 -9 8 0 9 
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that R 1 conducts during consecutive halves of a generator 
cycle, and thereby reverses the load current direction. 
E.2.2 Low power factor load 
As long as the load current has no displacement from 
the applied voltage and the loads on each phase are equal 
the preceding analysis is appropriate. It is less obvious 
how the circuit operates on a low power factor load, i.e., 
when the current wave is displaced from the applied voltage. 
This condition is described in Figure E.2 and Table E.3. 
This figure details the operation of the circuit when 
cos 0 = 0.5, with the same applied voltages and peak 
currents. In this condition, the current peak is displaced 
60° from the voltage peak. 
The process of commutation from a positive load 
current to a negative load current occurs over four 
generator half-cycles. For instance in the Red phase of 
the motor, commutation begins after 12 half-cycles of the 
generator. Note that the 12th and 13th half-cycles supply 
9 and 8 A respectively in the + R 1 direction. However, 
during the 13th half-cycle the generator voltage on the 
Red coils is negative. In the succeeding three half-cycles, 
positive current is supplied to the load while a negative 
voltage is applied. This occurs because the thyristor 
firing pulses have been delayed 1800 to the positive (P 
group) conducting thyristors. 
At the end of half-cycle 16, the load current is 
assumed to be zero, and a negative current can then be 
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Figure E.2 	Idealized voltages and currents in modified 
cycloconverter operating at low power factor, 
1 	+ 60° S load. 
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TABLE E.3 

























1 + -8 0 0 -1 9 0 1 5 
2 - 0-6 -4 0 010 -4 5 
3 + -4 0 0 -610 0 6 5 
4 - 0-1 -8 0 0 9 -8 5 
5 + 1 0 0 -9 0 8 1 10 
6 - 0 4-10 0 6 0 -4 10 
7 + 6 0 0-10 0 4 6 10 
8 - 0 8 -9 0 1 0 -8 10 
9 + 9 0 -8 0 0-1 1 5 
10 - 010 0 -6-4 0 -4 5 
11 + 10 0 -4 0 0-6 6 5 
12 - 0 9 0 -1 -8 0 -8 5 
13 + 0 8 1 0 3-9 1 -5 
14 - 6 0 0 4 -10 0 -4 -5 
15 + 0 4 6 0 0-10 6 -5 
16 - 1 0 0 8-9 0 -8 -5 
17 + 0-1 9 0-8 0 1 -10 
18 - -4 0 0 10 0 -6 -4 -10 
19 + 0 -6 10 0 -4 0 6 10 
20 - -8 0 0 9 0 -1 -8 -10 
21 + 0-9 0 8 1 0 1 - 
22 - -10 0 6 3 0 4 -4 -5 
23 + 0-10 0 4 6 0 6 -5 
24 - -9 0 1 0 0 8 -8 -5 
25 + -8 0 0 -i 9 0 1 5 
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The other phase currents and transitions are treated 
similarly. 
The fourth curve illustrated, 'Gen'  differs sharply 
from the results of unity power factor operation. In this 
low power factor circuit, the generator current amplitude 
oscillates from 1 to 8 A during various half-cycles. The 
average current supplied by the generator is 5 A. 
This average current is proportional to the power 
supplied to the load, since 
P = VI cos q5 	where cos 0 	= 0.5 	E.2.2.(1) 
Therefore, the operation of the modified cycloconverter 
is such, that it internally supplies the reactive current 
required by the load, and the generator current is 
required only for load power. 
The generator current was assumed to be in phase with 
the generator voltage in this figure. This assumption is 
reasonable if the generator subtransient reactance is low, 
and the motor stator windings are closely coupled. 
This figure has illustrated the potential of the 
modified cycloconverter as a frequency changer. The input 
power factor of the ideal modified cycloconverter can 
always approach unity, for all loads. 
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APPENDIX F 
DESIGN OF IMPROVED CONTROL SYSTEM 
F.1 System design requirements 
The thesis research has suggested improvements 
to the control system which are described in this appendix. 
Figure P.1 provides a block diagram of the system under 
discussion. The bracketed number in the blocks refers to 
the pertinent section of this appendix. 
The objective of the control system is to bring 
the motor to the desired speed within planned acceleration 
profiles, and to hold the desired operating speed, within 
specified limits. 
The speed comparator, block 1, must contain the 
acceleration (or deceleration) of the motor within the 
desired limits. The target speed and the motor speed are 
compared, and an appropriate synchronous motor frequency 
is sent to the motor control unit. 
F.2 Voltage, frequency, and speed relations 
The relations between motor and generator 
frequencies and motor slip are plotted in Figure P.2. The 
top curve relates normalized motor synchronous speed to 
generator frequency, where 100% motor speed occurs when 
f m 	g = f . The normal reason cycloconverters are operated 
with fg> 3 f m  is that for higher motor frequencies, the 
motor must operate at up to 33% slip in making the transition 
from one synchronous speed to the next synchronous speed 
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Figure Fl 	Improved control system block diagram, for 
use with modified cycloconverter. 0 LJ 
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Figure F.2 Normalized motor speed and slip versus 
generator frequency. 
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with the simple control system described, can only allow 
changes in the output frequency in multipl? f of the gene-
rator half-cycle. Therefore the second highest synchronous 
speed possible is only 67%, i.e. 100 t 1.5.) 
The second curveslip, illustrates the maximum slip 
required of the motor for transitions between synchronous 
speeds of this modified cycloconverter. Within these slip 
increments, the speed of the motor may be controlled 
within any desired limits by adjusting the alternator 
voltage. (Absolute control of frequency may be achieved 
by phase controlled firing, as in the classical cyclo-
converter.) 
The motor control unit receives the motor synchronous 
frequency signal and produces a target alternator voltage 
signal. As mentioned above, this signal may be directly 
proportional to frequency, or may be adjusted slightly to 
provide fine speed control. (Off-highway traction service 
normally requires constant torque up to about 10 km/h and 
constant power above that point. Therefore, voltage would 
be proportional to frequency only up to the start of the 
constant power region.) 
The alternator voltage control unit receives the 
target alternator voltage and the actual alternator 
voltage and adjusts the alternator field current 
appropriately. 
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F.3 Reference generation and pulse synchronization 
The frequency of the 3-ph square wave generator is 
set by the synchronous frequency signal, f. 
The synchronous pulse generator receives the 
generator voltages of phases A and B and produces two pulse 
trains, one related to each phase 	These pulses are 
produced at each zero crossing of the generator voltage, 
a positive pulse for positive going crossings, and vice 
versa. 
The output of the pulse and square wave generators 
are shown in Figure F.3. During level transitions in the 
square waves, the synchronizing pulses must be inhibited 
to prevent simultaneous firing of two opposing thyristors. 
Cycloconverter control logic to prevent circuit mal-
function was discussed by Bland. 
F.4 Thyristor logic units 
The units each receive a phase reference square 
wave, a generator phase synchronizing signal, and a signal 
denoting the group of thyristors which are off. The unit 
then gives a firing signal to a thyristor firing circuit. 
The thyristor array was originally introduced in 
Figures 2.10 and 2.11, and is repeated as Figure F.4. In 
this figure the Red phase coils of the motor are controlled 
by thyristors 1, 2, 7, 8, 13, 14, 19, and 20. Of these 
thyristors, 2, 8, 14, and 20, provide positive current 
paths toward the neutral, and positive magnetisation. 
These thyristors are called P group thyristors in the 












Figure P.3 	Input and output voltages of synchronous 




































Figure P.4 Modified cycloconverter thyristor array. 
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each of these four thyristors which produce a signal 
whenever the thyristor is in a blocking state. The out-
puts of these four senors are taken to an AND gate which 
produces a signal whenever all P thyristors are blocking. 
The thyristor logic is listed in Table F.l. In 
the first line the phase square wave is positive, and the 
N group of thyristors in that phase is blocking. Therefore, 
a firing signal should be passed to each P group thyristor 
at 00. This angle refers to a perfect sinusoidal generator 
output. 
TABLE F.l 
THYRISTOR CONTROL LOGIC 
Polarity Thyristor 
of desired state Firing Signal 
Initial phase sensor 
voltage output Group Angle of (Group OFF) Pulse 
Positive N P 00 
Positive P N 00 
Negative N P 1800 
Negative P N 1800  
The logic diagram which carries out the instructions 
of this table is given in Figure F.5. The left side of 
the figure shows the six AND gates which note that 
group, NR group etc. thyristors are in the blocking state. 
Sync. Pulse 	Square Wave 
B 	A 	R Y B 

































logic (48 off) 
Figure F.5 	Thyristor logic unit connections. 	 0 
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These provide the basic inhibiting signal to prevent faulty 
commutation. 
At the top, centre of the figure, the synchronizing 
pulse and square wave reference lines are introduced, such 
that 48 AND gates are provided with synchronizing, polarity, 
and inhibit signals. The top AND gate (00)  executes the 
logic of the first line of Table F.l, for thyristor T 2 . 
The second AND gate (180° ) executes the third line of the 
table for this thyristor. Either of these gates produce 
a firing signal through OR gate T 21 to -the firing circuit 
for that thyristor. 
F.5 Thyristor firing circuits 
The firing signal from the thyristor logic unit 
activates a firing pulse timer, as shown in Figure F.6. 
This timer is set for one-quarter of a generator cycle. 
Since the generator is proposed to operate at constant 
speed, this firing signal will cater for thyristor opera-
tion at all power factors. 
The timer signal is one input to the firing pulse 
control network. The other inputs to this network are 
two high-frequency anti-phase square waves from the firing 
power generator. These signals are rectified in the out-
put of the pulse control network to provide the gate firing 
pulse, to the thyristor, of specified amplitude and duration. 
This method of firing permits constant gate drive with 
transformer isolation of the control circuit from the 
thyristor. The specific construction of the thyristor 






Firing 	 Pulse 
OR 	 Pulse Control 
Gate Timer 	 Network 
Signal from 
Logic Unit 
Figure F.6 	Thyristor firing circuit. 
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F.6 Thyristor state sensor 
The key to prevention of faulty commutation in 
the modified cycloconverter is the knowledge that a 
specific group of thyristors is non-conducting. The 
normal method of determining this information is with 
current transformers. Since the current transformer is 
not sensitive to holding current levels, the circuits 
normally incorporate a delay of 100 to 500 .i.s after 
sensing no current in the line, and then issue a signal 
that the thyristor is blocking.' 
(8 
/ This slow process is 
not applicable to a high frequency cycloconverter. 
The requirements for a solid state sensor were 
(91) 
specified by Boalby, 	who investigated the turn-off 
methods of thyristor operation. The thyristor is turned 
off by application of a reverse voltage or by reduction 
of the current to less than the holding current. The 
thyristor resumes its reverse blocking state when the 
charge carriers are swept from the junctions by a reverse 
currentpulse.( 126) The forward blocking state is recovered 
when the carriers in the bulk of the device have recom-
bined. ("')  
A sensing circuit was developed by Shah,
(92) 
 which 
utilized the voltage drop across a thyristor as described 
by Kokosa128)  to estimate the blocking state of the 
thyristor. This circuit is illustrated in Figure F.7. 
The anode to cathode voltage of the thyristor is 
sensed through a large resistor to limit the current and 
power drawn from the thyristor circuit. An analogue 
Figure F.7 	Thyristor state sensor, after Shah. (92) 
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signal is then produced by a saturating buffer amplifier 
which reproduces the anode to cathode voltage over the 
range of + 10 V. 
A positive voltage trigger senses anode voltages 
above 3 V and produces a signal which states the device 
is forward and reverse blocking. (Such a voltage cannot 
be maintained more than a few micro-seconds by a device 
which is not blocking.)' 
A negative voltage trigger senses voltages below 
0 V, and notes after a brief delay that the device is 
reverse blocking. After a longer, timed delay, (50-100 p.$), 
the forward recovery timer signals that forward blocking 
ability has been restored. When both reverse and forward 
recovery has been sensed, a blocking signal is produced. 
The logic of this circuit has been simplified to 
reduce circuit complexity. The device is assumed to be 
ON whenever the voltage is 0 to 3 V, and for a brief 
period whenever the voltage goes negative. The error is 
in the direction of safety, and it is felt that in a 
dynamic circuit, the operation will not he unnecessarily 
inhibited. 
The output of the sense circuit is a high frequency, 
transformer coupled signal. This signal is, therefore, 
isolated from the thyristor voltage. A test circuit using 
discrete components has been fabricated, but operating 
times have not been reduced below 10 	 Integration 




F.7 The effect of motor leakage inductance on firing 
circuit design 
The previous sections of this appendix have 
described a control circuit which operates with zero 
crossing firing. This circuit is not suitable for loads 
with high supply inductance. The limits of its operation 
are described below. 
F.7.1 Commutation with 0 0  and 180 0 firing 
The relation between the commutating period, u, 
the firing angle, cx , and the instantaneous output current, 
i, has been derived for controlled rectifier circuits, 
based on the following assumptions: 
During the commutation period, i 0 remains 
constant. 
The inductance L, in the supply can be 
specified. 
C. 	The circuit resistance can be neglected. 
Cycloconverter commutation may be considered in 
the same manner, as developed by Van Eck. (118) 
For any two commutating lines, a ,and b, 
V -L 
 
di, 	v -L di b 
a s — b s-
dt 	 dt 
F.7.1(1) 
where V   is the voltage of line a , V  is the voltage of 
line b, and L is the inductance in either line. 
S 
If 
i  a ~ i b = 
1-0 = constant 	 F.71(2) 
di a
- - 	 F.7.1(3) 
dt - 	 dt 
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Substituting in (1), 








i =j 	1 a 	o 
•b = 0, at wt= 0 	 F.7.1(5) 
and 
1a 	
0, 	1b = j 
	atwt= u 	 F.7.1(6) 
equation (4) becomes 
r 	 F.7.1(7) 
o J (v  a  -v  b  )at=2L  s Ji'O -j 
	
a 	so 0 
The left side of equation (7) describes the volt-
seconds available to cause conduction to cease in line a, 




= -V cos (w t) 	 F.7.1(8) s 
V  = V sin (wt) 	 F.7.1(9) 
and u = 45 
0 , then 
fu 	 [45° 
J o 	at = 	- Vc0s Wt-Sin wt)d.t 
V - 	(/T- 1) 	 F.7.1(10) 
(Jj-' 
Substituting into equation (7) 
V 








In the cycloconverter, the maximum value of i is 
limited by the magnetising reactance, X, of the load circuit. 




o 	 L 	m in 
= - 	where X = W L 	 F.7.1(13) 





Equation (14) describes the limits for 0 0  and 180 0 
commutation, with a 2-ph supply. The current will cease 
in line a., and commutate to line b, as desired, if the  
product of the reactance ratios is less than 0.2. This 
indicates that commutation is better when the motor fre-
quency, Wm  is close to the supply or generator frequency, 
and when the supply or leakage reactance is a small 
percentage of the magnetising reactance. 
F.7.2 Commutation with early firing 
The above rela:ion described the condition when P 
group thyristors were carrying current, and a reverse 
magnetisation was desired. Line (a) was assumed to carry 
current through the positive half-cycle and then part of 
the way through the negative half-cycle of the supply volt-
age. Line (b), being more positive than line (a) then 
assumed the current, but the transfer had to be made within 
450 lest (a) become more positive, and commutation failure 
result. 
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If the reactance ratios exceed 0.2, a firing 
signal must be provided to line (b) while it is yet more 
positive than a, to provide a greater volt-second potential 
for commutation. 
If line b received a firing signal at - 450 , 
then 
U 	 0 
JO 
(V - V ) dt = J-45 45 - V (cos w. -sin w )dt a 	b 	 0 	m 	st 	st 
V 
=-M 	(/') 
and, substituting in (7) 
F.7.2(1) 
r2_7 	
10S 	(G7)) 	 F.7.2(2) 
IOM m 
The limit of commutation occurs in this circuit 
when the firing signal to line (b) is advanced to - 135° , 
where 
(C s) (La) 	
F.7.2(3) 
F.7.3 Conclusionson supply inductance, phase, and 
freSuency 	nt s 
Figure F.8 was developed from equations F.7.1(14) 
and F.7.2(3). The lower curve describes the limit on supply 
inductance in one line as a percentage of the total 
magnetising inductance of the load, where the supply is 
2-ph, the load is n-phase, and zero crossing firing is 
used. 
The supply line inductance includes the per phase 
leakage inductance of the generator and one-quarter of 
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Ratio of generator frequency to motor frequency 
Figure F.8 Limiting effect of supply inductance on motor 
speed and firing control angle. 
221 
If the firing angle is phased back from the zero 
crossing point, a greater supply inductance can be 
commutated. The upper curve represents the limit, where 
55vo inductance is tolerable at all motor speeds. 
A suitable control regime can be chosen from 
Figures F.2 and F.7.. for a drive motor with a 2-ph supply. 
If a 3-ph supply is used, the tolerable leakage is reduced 
by one-third, for zero crossing firing. 
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APPENDIX G 
A MODIFIED CYCLOCONVERTER FOR 
USE WITH HIGH FREQUENCY SOURCES 
The following pages contain the text of a paper 
describing portions of the thesis work. This paper was 
presented at the I.E.E. Conference on Power Thyristors 
and their Applications, 7th May, 1969, in London. 
The basic circuit of the modified cycloconverter 
was the subject of a patent application filed at the 
Patents Office (London) on the 2nd April, 1969, when it 
received the number 17420/69. The title of the pro- 
visional specification was Improvements in cycloconverters". 
No.53, Part 1. London, 6-8 May, 1969. 	
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1. Intodution Off-highway vehicle drives require a high 
power-to-weight ratio with control at each wheel. The com-
bination of gas-turbine driven alternator and ac motor wheel 
drive is attractive for this aplication. 1 
The direct-driven Thulti-phase alternator runs at a high, 
relatively fixed frequency since the gas turbine must operate 
within a narrow speed range. A solid-state converter shapes 
the high-frequency wave into a variable-frequency, variable-
voltage motor input. 
The converter may be a rectifier-inverter assembly or 
a cycloconverter. The. rectifier-inverter is a two stage con-
verter which requires auxiliary commutating components. The 
cycloconverter is a one stage converter without commutation 
component requirements. It is, potentially, lighter and more 
efficient. 
2. Cycloconverter application problems The conventional 
phase-controlled cycloconverter has several disadvantages: 2 
Relatively heavy reactors are required to limit 
circulating currents. 
Motor control is difficult at low current values. 
(C) Voltage transients are impressed on the system 
when the firing delay is large. 
(d) Firing delays reduce the power factor of the 
cycloconverter operation. 
Cycloconverters have been developed which eliminate some 
of these difficulties. For example, the practical cyclo-
converter3 prevents intergroup circulating currents by blanking 
off groups of thyristors. However, control of motor speed may 
be lost during blanking. Another type of cycloconverter is 
now proposed. 
3. Cycloconverter modification The proposed method of pre-
venting circulating currents is to eliminate direct connec-
tions between alternator phases. The motor is connected in a 
6-phase star with each winding controlled by a back-to-back 
thyristor pair. A similar 3-phase connection is described by 
Shepherd. 
J.E. Jenkins is a Lecturer in Electrical Engineering at 
Edinburgh University. 
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Since delay angle control is not used, voltage tran-
sients are eliminated and the unit operates at the power 
factor of the load. Voltage control is provided by the alter-
nator field. 5 The motor connection is explained.in the 
following paragraphs. 
The three-centre-tapped windings of the motor are 
illustrated in Figure 1 as R _RA, 	and BA  -BA. Current flowing through RA  produces he same fux as an oppositely 
directed current in R'. Here the array is shown initially 
fed by one phase of t1e alternator. More than one such array 
is required to produce a balanced mmf. 
A comparable inverter drive system using centre-tapped 
windings is described by Williamson. 6 
In each coil the current is controlled by a pair of 
thyristors. Two thyristors must be "on" at each instant, one 
thyristor from the upper half, and one from the lower half of 
the array. The selected thyristor should conduct as soon as 
its anode voltage is positive. 
The thyristor firing sequence is detailed in Table I. 
Each coil conducts for one-half of an alternator cycle, but 
the core is magnetised in the same direction on each half 
cycle. The magnitude of the inmf produced is three-halves that 
of one phase, in the direCtion indicated. 
The voltage applied to any part of the coil array is 
illustrated in Figure 2. The net current in any phase belt is 
illustrated in Figure 3. This envelope is the sum of the 
currents in four winding parts: RA ,  RA, RB, and R. The 
subscripts referto alternator phases. Two supply phases 
provide balanced operation with a minimum number of components 
4. Control Circuit A velocity control system using the 
modified cycloconverter is shown in Figure 4. The feedback 
and slip-control components are not included. 
A velocity demand is placed on the control system. This 
demand sets the stepping rate in a six-step counter, and the 
field strength in the alternator. 
The counter state is one input to the firing circuit 
logic. An AND gate is used for each thyristor. The gate 
accepts the counter signal and the thyristor polarity and 
controls a continuous thyristor gate drive. . 
With a 2-phase alternator driving a 3-phase motor, 24 
firing circuits are required for the thyristors. Logic triacs 
may be used instead of thyristors to simplify the circuit. 
This system is applicable for 10Hz to 10kHz alternators 
driving 1Hz ito 3kHz motors. 
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Analysis of Operation It has been shown that inverter fed 
induction motors operate satisfactorily on voltage wave forms 
as in Figure 36,8  Losses are increased modestly (207o at 60Hz). 
Normal torque-slip characteristics are produced, but higher 
exciting currents are required because of the localised 
saturation'effects of the harmonics. 
A motor operating from the modified cycloconverter 
should also have a normal torque-slip characteristic. The 
major difference in this configuration is its use of high 
frequency current pulses through the motor coils. These 
pulses increase copper losses and local iron losses. The 
copper loss is increased by 125%, because the peak current in 
each coil must be-three times as great to provide the same 
average current throughout the winding. The iron losses are 
sensitive to the motor winding configuration. The optimum 
winding would present no high frequency component to the core. 
To determine the effects of less than optimum conditions 2 the 
windings have been simulated on an analogue computer.9' iO. 
The Effects of Winding Configuration Figure 4 illustrates 
the parts of the motor winding and desijnates them in phase 
belts: R, Y, and B. Four parts (RA, RA, RB, and R) make up 
the Red phase belt. Ideally, these four parts would be 
obtained from a quadrifilar wound set of coils in the phase 
belt. 
A more practical approach is to provide a two-layer 
winding with bif liar windings in each coil. 6 The leakage flux 
is only slightly greater, since all R conductors still share 
the same slot. The insulation requirements are reduced if the 
upper and lower layers -are supplied from separate alternator 
phases. 
A two layer winding with single wound coils cannot be 
efficiently used. One possible configuration places RA and 
R) in separate poles from RB and Rh. The effect of this con-
figuration is to magnetize the poles with a voltage from a 
single-phase full wave rectifier, powered by the alternator. 
The ripple frequency impressed on the core is perhaps 20 times 
the fundamental control frequency, and the ripple voltage is 
48% of the fundamental. Since core losses vary with approxi-
mately the square of the frequency the losses would be 
excessive. 
Test Results A motor was tested using the modified cyclo-
converter. The rotor was cage wound and the stator contained 
a two-layer winding of single conductor coils. The winding 
layers were spatially identical. In the tests performed, two 
poles were fed from each alternator phase. As predicted, the 
core losses were high and efficiencies were only 20 to 307o, 
at various control frequencies. 
Figure 5 shows the results of the torque-speed tests 
on a 2 kw machine. These results were obtained with constant 
voltage applied to the windings. The main indication from 
these tests is that normal motor action is obtained at the 
control frequency. 
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8. Conclusions A modified cycloconverter has been developed 
which accepts the output of a high, fixed-frequency alternator 
and produces a controllable frequency rotating field in a 
motor armature. 
The control circuit is simple. The electrical circuit 
provides for isolation between alternator phases. Fewer 
devices are required than in the common cycloconverter and 
the unit operates at the power factor of the motor itself. 
The advantages of this circuit must be offset against 
the less than normal copper utilization, the low efficiency, 
and the special spatial requirements of the winding. 
Tests have demonstrated 
Further tests are planned with 
verify the practically of this 
lation procedures developed.  
the feasibility of the circuit. 
spatially correct windings, to 
cycloconverter and the siniu- 
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Figure 1. Motor Coil Array for Modified Cycloconverter 
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Table I. 	Thyristor Firing Sequence 
Polarity of Thyristors Direction of Net 
Alternator Firing MMF with respect 
Voltage (See Fig.l) to R axis(Radian 
+ 7, 	4, 	6 
- 1, 	10, 	12 0 
+ 7, 	4, 	11 
ir/3 - 10, 5 
+ 4,11 
2ir/3 
- 8, 	10, 	5 
+ 2, 	9, 	11 
- 8, 3, 5 
'71 
+ 2, 	9, 	6 
47T/3 - 8, 3,12 
+ 7, 	9, 	6 
57T/3 
- 1, 3, 	12 
+ 7 9 	4 2 	6 2v- 
